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ABSTRACT
The diagenesis of Lower Miocene and Upper Oligocene sediments flanking the West 
Hackberry salt dome are documented in order to determine the effect the presence of 
salt domes may have in driving diagenetic reactions in detrital siliciclastic sediments. 
These sediments have undergone significant chemical diagenesis during progressive 
burial resulting in a reduction in porosity and permeability.
Precipitation of analcime, siderite, and calcite plus the alteration of detrital volcanic 
lithic fragments and replacement of aluminosilicate framework grains by calcite are the 
dominant reactions which have altered the Upper Oligocene sands. Analcime and 
siderite are also present in the Oligocene mudstones. The isotopic composition of the 
Oligocene calcites is quite variable suggesting multiple generations of calcite cement, an 
early one precipitated from seawater and perhaps several later ones precipitated during 
progressive burial by warm, hydrocarbon enriched, diagenetic pore fluids similar in 
composition to present day brines. Petrographic evidence suggests an extraformational 
source is required to account for the occurrence of these authigenic minerals. The most 
likely sources include the dissolution of halite in the adjacent salt dome, the dissolution 
and alteration of volcanic lithic fragments and aluminosilicates, and the smectite to illite 
transformation in more deeply buried sediments.
The dominant reactions affecting the composition, porosity, and permeability of the 
Lower Miocene sands are precipitation of calcite and iron sulfides and replacement of 
detrital framework grains. Iron sulfide nodules of complex mineralogy and paragenesis 
occur in interbedded mudstones. The isotopic composition of the calcite is relatively 
constant and is consistent with the hypothesis that dissolution of Jurassic anhydrite in 
the adjacent salt dome and oxidation of methane are the primary sources for Ca and
xvi
CO3 respectively. Salt dome anhydrite is also the likely source for the sulfur required 
for Miocene iron sulfide cements.
The diagenesis of Lower Miocene and Upper Oligocene sediments results from the 
interaction of high NaCl, hydrocarbon enriched brines with the detrital mineral 
assemblage during progressive burial. These deposits require a dynamic open 
geochemical system where large quantities of material were transported into the system, 
most likely due to a dynamic fluid flow regime.
CHAPTER 1. INTRODUCTION
Increasing attention is being paid to the role that salt domes play as locii for the 
transport of heat, aqueous fluids, solutes, metals, and hydrocarbons in the subsurface. 
There is particular interest in problems of burial diagenesis related to the origin of 
sodium chloride brines and their role in driving diagenetic reactions (Schmidt, 1973; 
Land and Prezbindowski, 1981; Stoessell and Moore, 1983; Hanor, 1984; Hanor et 
al., 1986; Morton and Land, 1987; Land et al., 1989). It has been proposed that the 
composition of formation waters in the hydropressured Tertiary section of the northern 
Gulf of Mexico salt basin in Louisiana and Texas results in part from influx of highly 
saline fluids that convert an original detrital mineral assemblage to a Na-silicate 
dominant assemblage (Stossell and Moore, 1983; Morton and Land, 1987; Hanor, 
1988). The origin of these high NaCl brines is now generally attributed to the 
dissolution of salt diapirs which characterize the Tertiary section of South Louisiana 
(Hanor, 1984, Bennet and Hanor, 1987).
In addition, massive strataform sulfide deposits, similar in mineralogy to 
Mississippi Valley type deposits, have been documented in many shallow salt dome cap 
rocks in the Gulf Coast (Kyle and Agee, 1988; Kyle and Price, 1986; Kyle et al., 
1987). These deposits consist dominantly of the iron sulfides pyrrhotite, pyrite and 
marcasite, although significant quantities of sphalerite, galena, and barite also develop. 
The occurrence of these deposits is the result of a complex series of reactions involving 
salt dissolution, sediment diagenesis, hydrocarbon maturation and migration and 
dynamic fluid flow within the continually subsiding Northern Gulf of Mexico basin. 
Constraining the origin of these geologically young deposits, including the source for 
metals and sulfur, the mode of transport of these elements, and the mechanisms 
responsible for their precipitation will contribute to a general understanding of the 
genesis of stratabound sulfide deposits.
1
There has also been considerable interest in the possible role that organic matter may 
play in burial diagenetic processes in sedimentary basins including the formation of 
sediment-hosted ore deposits. There is an increasing body of evidence which suggests 
that hydrocarbons can serve as the reducing agents in both the bacterially-mediated and 
the low-temperature thermochemical production of sulfide in diagenetic environments 
(Feely and Kulp, 1957; Kyle and Agee, 1988).
Purpose of This Study
The purpose of this study is to gain a better understanding of diagenesis in clastic 
sequences which are related to the presence of salt diapirs. This study was initially 
motivated by the idea that the dissolution of salt could induce sediment diagenesis 
through the continual pumping of high concentrations of dissolved NaCl into 
surrounding pore waters and sediments (Stoessell and Moore, 1983; Hanor, 1983; 
Morton and Land, 1987 ). The salt dome environment is a complex geochemical 
system characterized by large spatial variations in pore fluid composition and 
temperature. The dissolution of salt supplies high concentrations of NaCl into the 
adjacent sediments. The presence of the salt stock is a barrier to fluid flow and 
significant hydrocarbon reserves are trapped along the flanks of domes throughout the 
gulf coast. Highly complex faulting patterns are characteristic of salt dome fields and 
may either act as barriers to flow or as fluid conduits. In addition, thermal anomalies 
are often associated with salt domes.
This study documents the diagenetic reactions which have developed in the Lower 
Miocene and Upper Oligocene Anahuac and Frio sediments at West Hackberry Field 
Cameron Parish, LA and considers the role of fluid composition, temperature, and 
sediment composition in controlling diagenetic mineral assemblages.
3
Study Area
The West Hackberry salt dome is an elongate shallow piercement dome which 
intrudes Tertiary and older sediments. The West Hackberry Field was chosen for 
study because: 1) it is a major salt dome hydrocarbon field and 2) sediment samples 
were available from drilling operations. The dome is located in the Northern Gulf of 
Mexico salt basin, Cameron Parish, Louisiana (Fig. 1.1 and 1.2). The basin has 
undergone continued subsidence through out the Tertiary and more than 6 km (20,000 
ft.) of Tertiary sediments have accumulated within the study area. Rapid sediment 
loading of the Northern Gulf of Mexico margin throughout the Cenozoic produced salt 
diapirism (Seni and Jackson, 1983), growth faulting (Hardin and Hardin, 1961; Bruce, 
1973) and sediment geopressuring (Bredehoeft and Hanshaw, 1968) which 
characterizes the Tertiary section of South Louisiana and influences its geochemical and 
hydrologic environment.
The study area covers a four section area along the southwest flank of the West 
Hackberry salt dome Cameron Parish, LA (Fig. 2.1). Structure, statigraphy and pore 
fluid properties, including temperature, pressure and salinity, were determined to a 
depth of 2896 m (9500 f t ) using 35 SP-resistivity logs.
LOUISIANA







Fig 1.1. Map o f Louisiana and Cameron Parish showing the location o f the West 
Hackberry dome.
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Fig 1.2a. Three dimensional illustration o f the West Hackberry salt dome showing 
the location o f the study area.
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Chapter 2 of this dissertation contains a description of investigative techniques 
utilized in this study. Chapter 3 describes the results of this study as they define the 
general geologic setting at West Hackberry. Chapters 4 and 6 constitute the main thrust 
of this study and contain detailed descriptions and interpretations of sediment 
diagenesis within the Oligocene and Miocene sections at West Hackberry, respectively, 
which are quite different in nature. Chapter 5 is a reprint of a paper by McManus and 
Hanor (1988) which described some of the preliminary results of this study. Chapter 7 
is a synthesis of major diagenetic processes and their possible relation to fluid flow.
CHAPTER 2. TECHNIQUES
Borehole Control
Much of the data generated in this project was derived from interpretation of 48 
borehole logs. Figure 2.1 shows the location of these boreholes, and Appendix 1 
provides a listing of the operator-fee, total depth,and township-range-section for each.
Structure and Stratigraphy
The regional structure of the area was derived from previously published maps 
(Cambe 1985; Spillers, 1962; Halbouty, 1979) and is discussed in Chapter 3. More 
detailed structure maps were constructed as part of this project on the top of the 
Amphistigina zone (lower Miocene and top of the Camerina A zone (Upper 
01igocene)(Chapter 3).
Lithology was determined from SP-resistivity curves using standard techniques 
(Schlumberger, 1972) as well as from cuttings collected every 9 m (30 ft.) from 1524 
to 2286 m (5000 to 7500 ft.) from two development wells in the area. Sands are 
defined on SP curves as those sections with negative SP curve deflections greater than 
30% the distance from the maximum (shale line) to the minimum (sand line) recorded 
SP values within each well. Any response less than 30% SSP was considered shale. 
Percent sand was determined for every 30.48 m (100 ft.) interval and used to construct 
schematic stratigraphic cross-sections of the area showing the distribution of sand and 
shale (Appendix 2).
The stratigraphic section includes sediments which range in age from Upper 
Oligocene to Pleistocene and can be divided into a sand-rich, Miocene and younger
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Fig. 2.1. Base map o f study area showing the location o f boreholes for which 
electric logs, sediment samples and pore fluid analyses were available. Pore fluid 
analysis are from Schmidt, 1973. See Appendices 11 through 14 for brine analysis 
data and the location of additional wells sampled by Schmidt, 1973.
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section, and an underlying shale-rich, Oligocene section. The stratigraphic section 
from which sediment samples were available includes the Upper Oligocene Frio and 
Anahuac formations and sediments of the lower Miocene. These divisions are based on 
biostratigraphic zones used by Mobil Oil.
Sediment Properties
Introduction
Sediment mineralogy and geochemistry were determined from cuttings collected 
specifically for this project, by Mobil Oil, every 9 m (30 ft.) over a depth interval of 
approximately 1524 to 2290 m (5000 to 7500 ft.) from two development wells in the 
area, B.Vincent 14 and 15, and from sidewall cores. No drill core was available.
The borehole logs of these and the other wells identified in Fig. 2.1 are of particular 
value in documenting some sediment properties, such as the distribution of massive 
cements, because they provide greater depth and spatial coverage than the cuttings 
alone.
Sediment samples were studied with the petrographic microscope using transmitted 
and reflected light as well as with the scanning electron microscope (SEM). The bulk 
mineral composition of the cuttings was determined using standard powder X-ray 
diffractometry (XRD).
Cuttings with drilling mud still included were washed with water on a 63-p.m wire 
sieve and air dried. Subsamples were split from each sample. One split was 
impregnated with epoxy and thin-sectioned and examined with the petrographic 
microscope using transmitted, luminescence, and reflected light. One sample was 
ground and analyzed by X-ray diffractometry (XRD). Sandstone and shale rock
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fragments were handpicked from another sample, some of which were ground and 
analyzed by XRD, some of which were mounted and examined with the scanning 
electron microscope (SEM) and the electron microprobe.
Although mineral compositional data from sandstones handpicked from cuttings is 
severely biased towards well lithified grains which survive the drilling process and 
represents samples from several different sand beds they provide useful information on 
diagenetic reactions developed in the sediments as well as constraints on vertical 
compositional trends. Shale lithic fragments generally survive the drilling process 
better than associated unlithified sands and provide information on compositional 
trends. The cutting samples provide better vertical coverage than sidewall cores which 
are available only from potential producing horizons. Information from sidewall cores 
from the generally porous and permeable sediments is complemented by the well 
lithified samples provided by the cuttings.
XRD Analysis
The bulk mineral composition of the sandstones and shales was determined from 
XRD analysis of powders using a quantitative procedure modified from Cook et al. 
(1975)(Appendix 3). Samples were analyzed using CuKa radiation (X  = .1541nm) at 
40kv and 20ma on a Phillips APD 3500 X-ray diffraction system equipped with a theta 
compensating slit.
Bulk Cuttings and Sandstones: The mineral composition of bulk cuttings was 
determined by X-ray diffraction using procedures documented in Cook et al., 1975.
Mineral abundance was determined using relative differences in peak heights and areas 
of the characteristic reflections. Peak position, height and area were determined using 
the XRDPhil computer peak search program and the following mineral table (Table 2.1
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and 2.2). This is a semiquantitative method for estimating mineral abundances. The 
precision for estimating the relative abundance of minerals composing greater than 10 
percent of a sample is ± 10 percent. For minerals composing less than 10 percent of a 
sample precision may be ± 50 percent. Analysis of cuttings is further complicated by 
the fact that different samples from the same depth may have slightly different mineral 
compositions. Despite the semiquantitative nature of the analysis useful information is 
provided by the results, especially in defining relative mineralogical changes with 
increasing depth.
Table 2.1 XRDPhil Mineral Lookup Table: Bulk Cuttings
Window Intensity
Mineral (°20, CuKa Radiation) Factor
A nalc im e 1 5 . 6 0 - 1 6 . 2 0 1.79
Anhydrite 2 5 .1 5 - 2 5 . 7 5 0.91
Aragonite 4 5 . 6 5 - 4 6 . 0 0 9.30
Barite 2 5 . 7 5 - 2 6 . 2 5 3.13
C alc ite 2 9 . 2 5 - 2 9 . 8 5 1.92
Clay 1 9 . 5 0 - 2 0 .0 0 20.00
Dolomite 3 0 . 4 5 - 3 1 . 2 5 2.00
Gypsum 1 1 . 6 0 - 1 1 .8 0 0.64
K -fe ldspar 2 7 . 3 5 - 2 7 . 7 9 1.50
P la g io c la se 2 7 . 8 0 - 2 8 . 1 5 1.50
Pyrite 3 2 . 9 0 - 3 3 . 3 5 1.85
Quartz 2 6 . 4 5 - 2 6 . 9 5 1.00
S id er i te 3 1 . 5 0 - 3 2 .1 0 1.10
The relative mineral composition of sandstones and mudstones handpicked from 
cuttings, as well as side wall core samples was determined using the table below:
Table 2.2 XRDPhil Mineral Lookup Table: Sandstones and 
Mudstones handpicked from cuttings
Window Intensity
Mineral (°20, CuKoc Radiation) Factor
Analc im e 1 5 . 6 0 - 1 6 . 2 0 1.79
Anhydrite 2 5 . 1 5 - 2 5 . 7 5 0.91
C alc i te 2 9 . 2 5 - 2 9 . 8 5 1.92
Clay 1 9 .5 0 - 2 0 .0 0 20.00
Dolomite 3 0 . 4 5 - 3 1 . 2 5 2.00
Gypsum 1 1 . 6 0 - 1 1 .8 0 0.64
K -fe ldspar 2 7 . 3 5 - 2 7 . 7 9 1.50
P la g ioc la se 2 7 . 8 0 - 2 8 . 1 5 1.50
Pyrite 3 2 . 9 0 - 3 3 . 3 5 1.85
Quartz 2 6 . 4 5 - 2 6 . 9 5 1.00
S id er i te 3 1 . 7 5 - 3 2 . 1 0 1.10
The dolomite 104 peak interferes with the analcime 332 peak. In order to evaluate 
the presence of dolomite the data were interpreted twice, once with dolomite in the 
mineral table and once without.
Results of XRD analysis for bulk cuttings and sandstones hand picked from these 
cuttings are given for wells BV 14 and BV 15 in Appendix 3. Graphs showing the 
variation in bulk mineralogy with depth for these two wells are also given in Appendix 
3.
Clavs A semiquantitative estimate of clay mineral composition, the less than 2|im size 
fraction, of mudstones was determined by conventional smear mount techniques 
(Schultz, 1964) (Appendix 4). Relative abundance of smectite, mixed layer clay, illite, 
kaolinite and chlorite was determined using relative differences in peak heights and
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peak areas of the characteristic reflections. Composition of mixed-layer clays was 
determined on the basis of diffraction patterns in Reynolds and Hower (1970) and 
techniques reported in Srodon (1980).
Quantitative interpretation of mineralogical composition was estimated from results 
of XRD using the following procedure modified from Schultz (1964) to account for the 
theta compensating slit.
Input: 7A peak height X 0.219
7Ajpeak area X 0.219 
10A EG peak area X 0.1537 
10A 300°C peak height 
10A 300°C peak area X 0.1537 
14A 550°C peak height X 0.11 
17A EG peak height X 0.0906
Program Code:
1) Correct 7 A peak area = 7A peak area/1.4
2) Percent Kaolinite + Chlorite =
[(corrected 7 A peak area)/corrected ik  peak area + 10A 300°C peak area)] x 100
3) Percent Chlorite =
(%Kaol.+Chl) x (14A 550°C peak height/1.5(7A peak height))
4) Percent Kaolinite = % Kaol. + Chi. - % Chi
5) Percent Illite:
(10A EG peak area/corrected 7A peak area + 10A 300°C peak area)(100)
6) Percent montmorillonite=
((17A EG peak height/4.5 (10 A 300°C peak height))(100 - % Kaol. - % Chi)
7) Percent mixed-layer clay =
100 - (%Kaol. + %Chl. + %Illite + % Montmorillonite)
(Schultz, 1964)
Total percent illite and smectite was calculated assuming mixed-layer clays are 
comprised of 80% expandable layers (smectite) and 20% non-expandable layers (illite) 
which is consistent with the composition of shallow mixed-layer clays throughout 
theTertiary of the Gulf Coast basin (Sullivan and McBride, 1991).
Results from mineral analysis of the less than 2|im size fraction from selected 
samples of mudstones from BV 14 and BV 15 are given in Appendix 4.
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Analcime Two methods were employed to determine the Si/Al ratio of analcime 1)
XRD analysis of bulk cuttings and 2) electron microprobe of analcime cements in the 
sandstones using a Jeol JXA733 microprobe and a modified Bence-Albee procedure. 
Determination of Si/Al ratio from XRD analysis is based on the observation that the 
analcime 639 peak shifts to higher values with increasing Si/Al (Saha, 1959, 1961).
The position of the analcime 639 peak was calibrated using the quartz 203 peak as an 
internal standard. The correlation chart of Coombs and Whetten (1967) was then used 
to determine the Si/Al ratio.
The Si/Al ratio of analcime was determined by calculating the relative position of the 
analcime 639 peak with respect to the position of the quartz 203 peak and plotting this 
value
on the correlation curve of Coombs and Whetten, 1967. The average position of the 
corrected analcime 639 peak is 78.31 ± 0.06 20 CuKa as determined by XRD. This is 
equivalent to a Si/Al ratio of 2.4.
ICP Analysis
The elemental composition of bulk cuttings and HCl-soluble minerals was 
determined by ICP-AES (Inductively Coupled Plasma Atomic Emissions Spectrometer) 
for handpicked sandstones, black calcites, and white fibrous calcites (Appendices 5 and
6) from BV 14 and 15. The bulk cuttings were ground to a fine powder (< 200 |im), 
fused with UBO2 and dissolved in 10% HNO3. Sandstone cements were dissolved in 
0.5N HC1 for 24 hours. Samples were analyzed for the following elements using a 
Perkin-Elmer ICP/6500: Si, Al, Na, K, Ca, Fe, Mn, Mg, Ba, and Sr. The machine 
was calibrated using the standard solutions listed in Table 2.3.
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Table 2.3 ICP-AES Calibration
















0.5, 1.0, 2.0, 5.0, 10.0, 20.0 and 100.0 
0.5, 1.0, 2.0 and 5.0
2.0, 4.0 and 20.0
2.0, 4.0 and 20.0 
0.5, 1.0 and 2.0
Mineralogy of Camerina Sands
Additional information on the relative mineral composition of Camerina sands, West 
Hackberry, as determined from commercial petrographic analysis was supplied by 
Mobil Exploration and Production (Appendix 7).
Percent Sand and Percent Calcite Cement
Calcite cemented zones at West Hackberry are characterized by high resistivity 
values on borehole geophysical logs (Fig. 2.2 and Chapter 5). Percent sand and 
percent calcite cement was determined over 100 ft depth intervals for each study well 
from SP and resistivity curves. Results are given in Appendix 2.
Isotopic Analysis
Cemented cuttings were handpicked from the bulk samples at LSU and analyzed for 
their C, O, and Sr isotopic composition through arrangements with Lynton Land,
Harry Posey, and colleagues at the University of Texas, Austin. Sulfur isotopic 
analyses were
1 7
MOEPSI B.Vincent  
* 1 4
3 0 - 1 2 S - 1 0 W
N e u t r o n  D e n s i t y  
RILD RSFL P o r o s i t y  P o r o s i t y
G a m m a
'  1  Cemented Zone■fe
Cemented Zone
G a m m a
Fig. 2.2. Typical log response for calcite cemented sandstone.
performed by Coastal Geosciences. Trace element analyses were done at LSU using 
inductively coupled plasma (ICP) spectrometry. Additional samples were analyzed in 
Paul Aharon's lab at LSU by Chris Wheeler and Jianghua Feng. Strontium analyses 
were also provided by Tim Denison at Mobil Research and Development Lab, Dallas 




Pore fluid pressures were calculated from shale resistivity values using the method 
of George (1965). In addition, pore fluid pressures were estimated from geostatic ratio 
derived from mud weights reported on log headings by the following equation: 
geostatic ratio (psi/ft) = mud weight (lb/gal) X .052 (gal/in^ft)
(Wessellman and Heath, 1977). Pore fluid pressures determined from geostatic ratios 
from mud weights are generally greater than those determined from shale resistivities 
because drilling muds are overweighted to prevent collapse of the well (Appendix 8).
Temperature
Temperature in the vicinity of the dome was calculated from bottom hole 
temperatures recorded on log headings, assuming a linear temperature gradient in each 




Pore fluid salinities were calculated from the spontaneous potential (SP) response 
using the algorithm of Bateman and Konen (1977) (Appendix 9). Log derived 
salinities for the Miocene, sand rich portion of the section are consistent with measured 
IDS values, from the same lease block and depth, reported in the literature (Appendix 
9) (Schmidt, 1973). The salinities of pore fluids in the Oligocene sands from well BV 
14 and 15, determined by refractometry of pore fluids collected at the well head, are 
110 g/1 and 108 g/1 respectively. Although the value for well BV 15 is consistent with 
log derived values (100 g/1) the value for well BV 14 is inconsistent with log derived 
values (60 g/1). This discrepancy is probably due to a combination of factors, including 
sand thickness and hydrocarbon content of the pore fluids. Use of the Bateman and 
Konen algorithm requires thick sands, i.e. greater than 50 feet, with a low shale 
content. The Oligocene sands are generally less than 20 feet and may contain up to 
17% clay minerals. Log derived salinities for the Oligocene sands therefore represent a 
minimum salinity value.
Salinity contour slice maps were constructed at 500' intervals from 2500' to 6500' 
(Appendix 10).
Major Cation Composition and Ionic Strength
Additional water analysis of pore fluids at West Hackberry were from Hanor,
1984, and those documented by Schmidt, 1973 (Appendices 11,12,13,and 14).
Density. Viscosity, and Thermal Conductivity
Density, viscosity and thermal conductivity are important parameters in determining 
potential mechanisms for groundwater flow and can be calculated from temperature,
pressure and salinity data using the algorithms developed by Phillips et al.(1981) 
(Hanor, 1987b).
CHAPTER 3. RESULTS - GENERAL GEOLOGIC SETTING
Introduction
The purpose of this Chapter of the dissertation is to provide background information 
on the general geologic setting at West Hackberry, derived in this study and previous 
work, essential to understanding the details of diagenetic alteration of the Oligocene and 
Miocene sediments documented in Chapters 4,5, and 6.
Regional Geologic Setting
The northern Gulf of Mexico is an Atlantic-type passsive margin which has 
experienced continued subsidence and deposition since the early Mesozoic. Pindell 
(1985), Salvador (1987) Winkler (1982), and Winkler and Buffler (1988) provide 
detailed summaries of the tectonic and stratigraphic evolution of the Gulf of Mexico and 
are summarized here.
Mexozoic strata represent sediment deposited during the initial rift and drift stages of 
basin evolution. Late Triassic red beds and volcanics, the Eagle Mills Formation, fill 
discontinuous grabens and are overlain by Middle Jurassic evaporites. The Werner 
Anhydrite and Louann salt were deposited as the attenuated continental platform 
subsided and was flooded by marine waters (Pindell, 1985; Salvador, 1987). Multiple 
flooding-evaporation events resulted in the accummulation of 3000-4000 feet of 
Louann salt. The presence of massive Jurassic salt deposits is significant throughout 
the structural, stratigraphic, and geochemical evolution of the Gulf of Mexico. Eolian 
sands of the Norphlet formation overlie the Louann salt and blanket earlier basedment 
structures (Pindell, 1985; Salvador, 1987). Carbonate ramp deposits of the Smackover 
Formation were deposited on this low relief continental margin with the onset of marine
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incursion, true sea floor spreading and deepening of the basin during the Oxfordian 
(Pindell, 1985; Salvador, 1987). Shelf carbonates and associated elastics of the 
Haynesville and Buckner Formations overlie the Smackover and underlie the 
terrigenous deposits of the Cotton Valley Group (Salvador, 1987). During the late 
Jurassic sea floor spreading ceased and the stratigraphic, structural, and geographic 
elements of the present day Gulf were established (Salvador, 1987).
Cretaceous strata along the northern Gulf of Mexico are predominantly shelf 
carbonates and associated terrigenous facies. Reef facies of the Sligo and Stuart City 
Formations define the progradational limits of the Cretaceous carbonate shelf margins 
and in contrast to the Jurassic carbonate ramp margin there is a distinct break in slope 
from shelf to basinal facies (Winkler and Buffler, 1988). Lower Cretaceous sediments 
were subsequently eroded during regional uplift during the Middle Cretaceous and are 
unconformably overlain by terrigenous deposits of the Woodbine formation. Deep 
basinal shales of the Eagle Ford Formation were subsequently deposited during the 
Upper Cretaceous sea level rise (Winkler and Buffler, 1988).
Clastic depositon, syndepositional gravity tectonics and salt diapirism characterize 
the Cenozoic shelf margins of the northern Gulf of Mexico (Atwater and Forman, 
1959; Murray, 1961, 1966; Hardin and Hardin, 1961; Rainwater, 1964; Woodbury et 
al., 1973; Curtis andPicou, 1978; Halbouty, 1979; Winkler, 1982). Significant 
terrigenous clastic influx into the Gulf of Mexico basin was initiated by the Late 
Paleocene Laramide orogeny and a prograding clastic wedge built out across the 
Cretaceous carbonate shelf margin (Winkler, 1982). Major episodes of progradation 
are related to tectonism in the north and west and occurred during the Paleocene to 
Eocene (Wilcox Formation), Oligocene (Vicksburg and Frio Formations), early 
Miocene (Flemming Formation), middle to late Miocene, and Plio-Pleistocene. The 
major depocenters migrated basinward and laterally through time. Rapid sediment
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deposition on incompetent prodelta muds and ductile salt initiated growth faulting and 
salt diapirsim (Woodbury et al., 1973; Winkler, 1982, Bruce, 1973; Seni and Jackson, 
1983).
The mineralogic composition of the sediment also varied through time. Oligocene 
volcanism in the Southern Rockies, Trans-Pecos and Sierra Madre Occidental supplied 
significant rhyolitic-trachytic volcaniclastic material to the Vicksburg and Frio 
sediments (Winkler, 1982). Subsequent early Miocene block faulting in the Southern 
Rockies and incorporation of the proto-Mississippian intracontinental drainage system 
shifted the depocenter to the Mississippi embayment and Miocene and later sediments 
are relatively depleted in volcaniclastic material (Winkler, 1982; Sharp et al., 1988).
Stratigraphy and Depositional History at West Hackberry
The Tertiary sediments of South Louisiana consist primarily of interbedded sands 
and mudstones. The relative proportions of sand and mudstone varies as a function of 
depositional environment. Sand dominated sections generally represent shallow marine 
and fluvial-deltaic environments (Curtis and Picou, 1980). Mudstone dominated 
sections are generally open marine. The upper Oligocene to lower Miocene section at 
West Hackberry represents an overall progradational sequence. Thin-bedded marine 
sands of the upper Frio and Anahuac Formations are overlain by a thick marine shale 
sequence (Fig. 3.1). These marine shales grade upward into the sand-dominated 
Miocene section of inner-shelf to fluvial-deltaic sediments (Fig. 3.1).
Schematic stratigraphic cross-sections, constructed using percent sand logs, show 
the areal distribution of sand and mudstone throughout the study area (Fig. 3.2. 
a,b,c,d). The lower Miocene section is dominantly sand with individual sand beds 
averaging 80 feet thick. The Anahuac is dominantly mudstone with less than 10
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FIG.3.1b. Type log: Dual Induction Log and stratigraphic column for Superior BV 
# 8 West Hackberry Field Cameron Parish Louisiana. Thin bedded marine sands o f the 
Oligocene Frio and Anahuac Formations overlain by thick marine shale. The Anahuac 
is overlain by massive shallow marine/fluvial deltaic sands o f the Lower Miocene.
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percent thin bedded sands (Fig. 3.1). The base of the Discorbis sand defines the base 
of the sand-rich section (Fig. 3.1). A structure map of this horizon shows that depth to 
mudstone increases away from the dome. The thickness of the sand rich portion of the 
section thus increases away from the dome into the adjacent salt withdrawal basin (Fig. 
3.3). The lower Anahuac and Frio Formations contain dominantly marine shales and 
thin-bedded marine sands which range in thickness from less than 5 to 40 ft thick (Fig.
3.1 and 3.2). The thickness and distribution of these outer shelf, upper slope sands is 
quite variable and strongly influenced by the presence of the salt structure (Fig. 3.4). 
This suggests the dome was a paleohigh during deposition of these sediments. Log 
derived lithologies are consistent with the relative sand:shale ratio of the cuttings as 
defined by the relative proportion of quartz and clay minerals present (Fig. 3.5).
Structural History
Rapid sediment loading of the Northern Gulf of Mexico margin throughout the 
Cenozoic produced salt diapirism, growth faulting and sediment geopressuring which 
characterizes the Tertiary section of South Louisiana and influences the geochemical 
and hydrologic environment.
Salt diapirism in the South Louisiana salt basin was initiated during the lower 
Tertiary (Halbouty, 1979). The West Hackberry salt dome is an elongate, shallow 
piercement dome bound to the northwest and southeast by two regional southwest- 
northeast trending growth faults (Fig. 3.6)(Cambe, 1985). It is part of a concentric 
arrangement of salt structures, surrounding a salt withdrawal basin, and bounded by a 
series of down to the basin normal faults (Fig. 3.7).(Halbouty, 1979).
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Fig. 3.5. a) Relative mineral composition o f bulk sample cuttings from B. Vincent 




















Fig. 3.5. b) Relative mineral composition of bulk sample cuttings from B. Vincent 
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Fig. 3.6. Semi-regional sturcture map of the West Hackberry Field mapped on top 
o f Camerina zone (after Cambe, 1985).
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Fig. 3.7. Regional structure map o f Calcasieu Lake area, Cameron Parish, 
Louisiana. Mapped on top Upper Oligocene (from Halbouty, 1979).
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Active salt movement during the upper Oligocene and lower Miocene at West 
Hackberry is suggested by the deformation and thinning of these sedimentary 
sequences. Both the Oligocene and Miocene sections thin towards the dome (Fig. 3.8) 
and are absent over the dome (Fig. 3.2 and 3.8) due to either non deposition or 
erosion. In addition the sediments dip steeply away from the dome and are cut by both 
regional growth faults (Fig. 3.6 and 3.9) and smaller faults which radiate from the 
dome. Depth to top of the Camerina A sand increases from 6000 ft to 9000 ft within a 
mile from the dome flank into the salt withdrawl basin (Fig. 3.9).
During the Upper Oligocene the area was the site of rapid sediment loading 
accompanied by rapid rates of subsidence, faulting, and salt movement. The sediments 
are cut by numerous faults, dip steeply away from the dome, and thicken into the basin 
reflecting this tectonically active depositional environment.
Sediment Properties
Mudstones
The composition of lower Miocene mudstones could not be determined because of 
their low abundance in the cutting samples. Oligocene mudstones at West Hackberry 
consist dominantly of the clay minerals, smectite, illite, mixed layered illite-smectite and 
minor kaolinite, with variable amounts of quartz, feldspars and calcite, siderite, and 
analcime. The relative proportion of illite, smectite and mixed-layered clays is relatively 
consistent with depth (Chapter 4). There is a slight increase in smectite composition 
with respect to the other clay minerals with increasing depth, as is discussed in detail in 
Chapter 4. There is a pronounced decrease in calcite and siderite and an increase in 
feldspars and quartz within the mudstones with increasing depth.. In addition, there is 
an increase in authigenic analcime within the mudstones at depth.
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Sandstones
Sandstone composition is also variable. The Miocene sands are dominantly fine to 
coarse grained subarkoses to sublitharenites (McManus and Hanor, 1988). The 
Oligocene sands are fine to very fine grained feldspathic litharenites. Rock fragments 
within the Miocene sands are dominantly sedimentary (McManus and Hanor, 1988) 
whereas those within the Oligocene sands are dominantly volcanic lithic fragments.
Some of the Oligocene sands are relatively argillaceous containing up to 17 percent 
detrital clay consisting of subequal portions of illite and smectite, about 38 percent, 
with lesser chlorite (9%) and kaolinite (13 %).
As described in detail in Chapters 5 and 6 massive calcite and sulfide mineralization 
occurs in lower Miocene shallow marine to fluvial-deltaic sediments which overlie a 
thick marine shale sequence of the upper Oligocene Anahuac Formation. Although 
calcite and iron sulfides do occur in some of the Oligocene sands, analcime and siderite 
are the dominant authigenic cements in others.
Porosity and Permeability
Porosity and permeability of the shallower Miocene sands are greater than those of 
the underlying Oligocene sands (Fig. 3.10). Log permeability varies directly with 



























Fig. 3.10. Porosity vs permeability for well B.Vincent 14, by formation. Data 




Fluid pressures were estimated using the shale resistivity method of George (1965) 
and from reported drilling mud weights (see Hanor, 1987b). Fluids are hydrostatically 
pressured, as defined by a geostatic ratio (fluid pressure/overburden pressure) of 
0.465, to depths of 6700 ft (2.1 km) or more over most of the study area. There is a 
transition with greater depth to overpressured conditions, as defined by geostatic ratios 
of 0.7 or greater, at depths in excess of 9000 ft (3 km) over most of the study area.
Depth to top of geopressure varies throughout the South Louisiana salt basin but is 
generally coincident with thick shale sequences, deeper than 10,000 feet and 
temperatures greater than 100° C (Bray, 1989; Hanor and Bailey, 1983; Hanor et al.,
1986).
Sediments within the study area at West Hackberry lie within the hydropressure and 
transitional zones. Depth to top of the pressure transition zone decreases toward the 
dome and lies within the thick Oligocene shale section. Depth to the top of 
geopressure, defined by a geostatic ratio of .700 psi/ft, was reached in just six wells 
and is quite variable. The Oligocene sands in the wells sampled are within the 
hydropressure zone. Stratigraphically equivalent sands, down dip into the salt 
withdrawal basin, are within the pressure transition zone (Fig. 3.11).
Temperature
In-situ temperatures were estimated from bottom hole temperatures (BHTs) recorded 
on log headers by adjusting for the cooling effects of drilling fluid circulation using the 
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Fig. 3.11. Fluid pressure vs. depth as determined from electric logs (Appendix 8).
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BHTs recorded on the same log. Cross-sections and isotherm maps show temperatures 
increase with increasing depth and toward the dome (Fig. 3.12 = Fig. 6.7). Isotherms 
are deflected upward toward the dome reflecting a thermal high associated with the salt 
structure. This thermal high is probably due to the higher conductivity of salt with 
respect to the surrounding sediments and possibly the influx of hot deep basinal fluids 
up the flank of the dome (Evans, 1989). The temperature gradient decreases away 
from the dome from 36° C/km to 22°C/km. Sediments within the area have continually 
subsided since their deposition and are currently at their greatest depth and therefore 
their highest temperature, barring some past episode of upward advective transport of 
hot fluid.
The cemented lower Miocene sands at West Hackberry are currently within a 
temperature range of 65° and 75° C (McManus and Hanor, 1988). Temperature within 
the Oligocene sands ranges from 75°C to 100°C. Camerina sands within the wells 
sampled are within the temperature range 75 ° to 80 °C. These same sands are more 
deeply buried in the salt withdrawal basin and potentially are within a significantly 
higher temperature range. Bottom hole temperatures in the deepest wells in the study 
area range from 90° to 100° C.
The regional geothermal gradient for hydropressured sediments in S. Louisiana is 
approximately 21°C/km. This increases to greater than 50 °C/km at depths coincident 
with the development of geopressure, generally greater than 10,000 feet (e.g. Jones 
and Wallace, 1974; Hanor, 1979; Milliken et al., 1981; Sharp et al., 1988).
Salinity
Pore fluid salinities were calculated from the spontaneous potential (SP) response of 
wireline geophysical logs using the algorithm of Bateman and Konen (1977). Log 
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collected at the well head (Schmidt, 1973). Salinities range from 100 to 180 g/1 within 
the study area and increase both with increasing depth and with proximity to the dome. 
Connate salinities at West Hackberry presumably never exceeded 35 g/1, the salinity of 
normal sea water, and it is reasonable to suppose that the excess salinities have been 
produced by the dissolution of the salt dome.
At West Hackberry there is a thin fresh water zone and the transition to high salinity 
brines occurs at a depth of 3000' (1km) (Fig. 3.13). Salinity contour maps, 
constructed at 500 ft. intervals from 2500 ft to 6500 ft from log derived salinity values, 
show that the salinity of the pore fluids increases with increasing depth and with 
increasing proximity to the dome (Appendix 10). Salinities increase rapidly from 0 to 
130 g/1 within the upper 3000 ft of the hydropressure zone at West Hackberry . There 
is a further increase in salinity with increasing depth from about 130 g/1 at 3000 ft to 
180 g/1 at 6500 ft. These high salinities persist throughout the sand rich section to 
depths of 14,000 ft. (Fig. 3.13) (Schmidt, 1973). Only locally do salinities of pore 
fluids exceed 200 g/1 and they remain undersaturated with respect to halite throughout 
the section. The high total dissolved solid concentrations are due primarily to the high 
concentrations of sodium and chloride (Schmidt, 1973). Ionic strength ranges from 
2.5 to 3 (Appendix 13).
Oligocene sands within the hard geopressure zone at Manchester field, immediately 
north of West Hackberry, have pore fluid salinities approaching 20 g/1 (Fig. 3.13) 
(Schmidt, 1973). This is significantly less than the 160 g/1 of the overlying 
hydropressure sands. Similar trends of decreasing salinity within the geopressure zone 
have been documented in other studies of the hydrochemical regimes of the South 
Louisiana salt basin (Bennet and Hanor, 1987; Hanor, et al., 1986; Bray and Hanor, 
1990; Kharaka et al., 1978) and the Texas Gulf Coast (Morton and Land, 1987; 
Kharaka et al., 1977; Carothers and Kharaka 1978). It is likely that similar trends exist
4 9
TDS (mg/1)
1000 00  2 0 0 0 0 0  3 0 0 0 0 0
■H
+ Hydropressured Brines 
♦ Geopressured Brines- 5 0 0 0 -
O.o>
Q 0000-
Fig. 3.13. a) Salinity vs depth at West Hackberry as reported by Schmidt, 1973 
from analysis of brines collected in the field. Three of the wells sampled by Schmidt lie 
within the study area (Fig. 2.1) the rest o f the wells sampled are from the northern 
flank o f the dome (see Appendices 11,12, and 13 for data and locations). The deep 
low salinity values are from geopressured sands at Manchester Field located 
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at West Hackberry, unfortunately wells penetrating the hard geopressure zone were not 
available.
Log derived salinities of pore fluids within Oligocene sands in the study area are 
often less than those of the overlying Miocene sands so that with increasing depth there 
is a decrease in salinity. Although this trend may reflect problems in deriving salinities 
in thin-bedded, clay rich sands it may also be real. Some of these sands are within the 
fluid pressure transition zone which typically have pore fluid salinities intermediate 
between high salinity brines of the hydropressure zone and normal marine salinity 
waters of the geopressure zone (Hanor et al., 1986). This salinity decrease is not 
reflected in the analytical data of Schmidt (1973). Pore fluid compositions from the 
Oligocene sands, reported by Schmidt, are from the northern flank of the West 
Hackberry and East Hackberry salt ridge in sections 12,16 and 17 T12S R10W 
(Appendix 11). Therefore it can not be determined, with existing information, whether 
the salinity decrease is real or a problem with application of the Bateman and Konen log 
method to these sands.
Chemical Composition
Brine compositions at West Hackberry are consistent with previous published brine 
compositions from Miocene and Oligocene sediments in the coastal Louisiana and 
Texas salt basin (Stossell and Moore, 1983; Morton and Land, 1987; Land et al., 1989;
Hanor et al., 1986) and are significantly different than pore fluids in the underlying 
kerogen-rich geopressure sediments, which are low salinity, high alkalinity waters 
(Fig. 3.13) (Schmidt, 1973; Kharaka et al., 1978; Morton and Land, 1987). The 
concentration of major and trace elements of pore fluids in the hydropressure sediments 
show distinct trends with increasing salinity and increasing depths and are different 
than those expected by the normal evaporation of seawater (Schmidt, 1973, McCaffrey
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et a l, 1987). They are enriched in calcium and depleted in potassium, magnesium, and 
sulfate (Schmidt, 1973). There is a linear decrease in the Na/K ratio as well as an 
increase in Li and Rb concentrations with increasing depth (Appendix 14). These 
compositional trends suggest increasing water-rock interaction with increasing depth.
In addition to vertical trends in cation composition there is also an enrichment in 
with increasing depth further supporting an increase in sediment-water interactions 
(Clayton et al., 1966; Kharaka et al., 1973; Gonthier, 1989).
Density and Viscosity
In situ density and viscosity of pore fluids can be calculated from salinity, 
temperature and pressure data using algorithms developed by Phillips et 
al.(1981)(Hanor, 1987b).
Previous studies have shown that there is a progressive decrease in pore fluid 
viscosity with increasing depth in the South Louisiana salt basin (Hanor et al., 1986;
Bennett and Hanor, 1987; Hanor, 1987b; Bray and Hanor, 1990). This decrease in 
viscosity is due primarily to the increase in temperature with depth (Hanor et al., 1986;
Hanor, 1987a and b).
Variations in in situ pore fluid densities in South Louisiana are primary the result of 
salinity variations, they increase with increasing depth within the hydropressure zone, 
to about 10,000 feet, then decrease with increasing depth (Hanor et al., 1986) and thus 
result in a gravitationally unstable pore fluid column (Hanor et al., 1986; Bennet and 
Hanor, 1987; Hanor, 1987a).
At West Hackberry temperatures increase toward the dome and with increasing 
depth. Presumably, therefore, there is an associated decrease in viscosity. Salinity, 
and therefore presumably density, increases toward the dome and with increasing depth 
within the hydropressure zone. A strong potential for thermohaline convection
5 3
therefore exists in the vicinity of salt domes due to these large spatial variations in 
temperature and salinity (Hanor, 1987a; Ranganathan and Hanor, 1988; Evans and 
Nunn, 1989).
Hydrologic Framework
The hydrologic framework of South Louisiana consists of three zones with 
characteristic pore fluid compositions, basinal position and hydrodynamics (Fig. 3.14)
(Sharp et al., 1988; Hanor, 1979). Meteroric waters with low salinities and flow 
controlled by gravitational potential energy dominate the shallowest portion of the basin 
(Harrison and Summa, 1991).
High sodium chloride brines occur below the zone of active meteoric circulation.
These NaCl type waters occur through out the hydropressured sediments of the 
Northern Gulf of Mexico salt basin (Schmidt, 1973; Stoessell and Moore, 1983;
Hanor, 1984; Morton and Land,1987; Land et al., 1989). There are distinct cation and 
isotopic compositional trends with increasing salinity and increasing depth reflecting an 
increase in fluid-rock interactions (Clayton, 1966; Kharaka et al., 1973; Stoessell and 
Moore, 1983; Hanor, 1984; Gonthier, 1989).
The dominant control on pore fluid flow in this hydropressured regime varies 
through out the sediments burial history. Compaction driven flow, driven by pressure 
head, may be characteristic during early sediment loading (Harrison and Summa,
1991). Subsequently steep density gradients resulting from variations in temperature 
and salinity, especially in the vicinity of salt domes, may become the dominant 
mechanism for driving fluid flow (Hanor, 1987a; Evans and Nunn, 1989; Ranganathan 
and Hanor, 1988).
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Fig. 3.14. Hydrologic regimes o f the Gulf Coast from Hanor and Sassen, 1990.
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The geopressure zone, with abnormally high pore fluid pressures, encompasses the 
shale dominant deep basin. Geopressuring results from rapid sediment loading of fine 
grained, low permeability mudstones, which restricts fluid escape (Bredehoeft and 
Hanshaw, 1968; Keith and Rimstidt, 1985; Bethke, 1986; Harrison and Summa,
1991). These zones can be defined by their geostatic ratios (Hanor, 1987b). A 
geostatic ratio of 0.465 defines the hydropressure zone, those of the transition zone 
range from 0.465 to 0.700 and the geopressure zone (or "hard" geopressure) is 
characterized by ratios greater than 0.700 (Hanor and Bailey, 1983; Hanor, 1987b; 
Bray, 1989) Depth to top of geopressure varies throughout the South Louisiana salt 
basin but is generally coincident with thick shale sequences, deeper than 10,000 feet 
and temperatures greater than 100° C (Bray, 1989; Hanor and Bailey, 1983; Hanor et 
al., 1986).
Significant water-rock interaction controls the composition of geopressure waters, 
especially 1) the smectite to illite transformation, which releases interlayer waters, 
silica, sodium, iron and magnesium to pore fluids and consumes potassium and 
aluminum (Burst,
1969; Perry and Hower, 1972; Hower et al., 1976; Boles and Franks, 1979; Fisher 
and Land 1986,2) dissolution of K-spar and albitization of calcium rich plagioclase 
(Land and Milliken, 1981; Boles, 1982; Fisher and Land, 1986; Milliken, 1989) and 3) 
the maturation
of organic matter which produces high concentrations of C02, organic acids and/or 
CH4 (Carothers and Kharaka, 1978; Tissot and Welte, 1978; Hunt, 1979; Workman 
and Hanor, 1985; Lundegard and Land, 1986). The top of geopressure generally 
coincides with the zone of maximum secondary porosity development (Schmidt and 
McDonald, 1979; Franks and Forester, 1984; Surdam et al. 1984; Siebert et al., 1984). 
The resulting pore fluids have abnormally low salinities (20 g/1 to 40 g/1) are enriched in
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CO2, CH4, organic acids, HCO^-, S04^‘ with respect to overlying NaCl type pore 
fluids of the hydropressure zone (Schmidt, 1973; Carothers and Kharaka, 1978; 
Morton and Land, 1987).
Fluid flow in geopressure sediments is dominantly compaction driven and flow is 
outward and upward from basin center (Bethke, 1985).
In the vicinity of growth faults and salt domes there is evidence for the mixing of 
low salinity geopressure waters, which flow up along the faults or salt dome flanks, 
and high salinity pore fluids of the hydropressure zone (Price and Kyle 1983; Land et 
al., 1989).
The transition zone between the hydropressured and geopressure regimes is a 
dynamic geochemical and physical environment with steep compositional, temperature 
and pressure gradients (Hanor, 1979).
Sediments within the study area at West Hackberry lie within the hydropressure and 
transitional zones (Fig. 3.11). Depth to top of the transition zone decreases toward the 
dome and generally lies within the thick Oligocene shale section. The top of the 
geopressure zone, defined by a geostatic ratio of 0.700 psi/ft, was reached in just six 
wells and is quite variable (Appendix 8).
Hydrocarbons
It is reasonable to conclude that salt movement occurred prior to significant 
migration of hydrocarbons because the structures produced by diapirism and the salt 
itself have acted as traps. The West Hackberry field has been a prolific producer of 
crude oil, condensates, and gas (Halbouty, 1979). Exploration at West Hackberry was 
initiated after gas seeps and paraffin were observed in surface sediment associated with 
a topographic high (Spillers, 1962; Howe and McGuirt, 1935). Production within the
immediate study area is primarily from the Upper Oligocene sands, but there has also 
been significant production elsewhere around the dome from Pliocene and Miocene 
sediments (Spillers, 1962). The distribution of oil and gas wells is illustrated on 
figures 1.2 and 2.1. Production up to 1976 was dominantly from the Miocene sands 
which produced over 120 million barrels of oil, 1.3 million barrels of condensate and 
9930 million cubic feet of gas (Halbouty, 1979). No current production history data 
for the Oligocene reservoirs are available.
CHAPTER 4. DIAGENESIS OF OLIGOCENE SEDIMENTS
Introduction
The diagenesis of Upper Oligocene sediments at West Hackberry is documented 
in this chapter along with an evaluation of the potential processes responsible for 
these changes. The emphasis is on silicate diagenesis and carbonate mineralization. 
Silicate diagenesis occurs in both sandstones and mudstones and is volumetrically 
more important in these sediments than in the overlying Lower Miocene sediments. 
Carbonate mineralization has occurred in both Lower Miocene and Upper Oligocene 
sands.
Mudstone Composition
There are distinct trends in sediment mineralogy with increasing depth from the 
quartzofeldspathic-rich shallow marine/ fluvial-deltaic sediments of the lower Miocene 
to the relatively feldspathic, lithofragment-rich deeper marine sediments of the Upper 
Oligocene Anahuac and Frio Formations. These trends reflect a change in composition 
of the paleogeographic source materials as well as changes in depositional 
environments. These trends are reflected in the compositional changes of the fine grain 
mudstones as well as the sandstones. There is a gradual increase in feldspar content 
(Fig. 4.1), reflecting in part the increase in volcanic lithic fragments of the Oligocene 
source as compared with the predominantly quartzofeldspathic source for the Miocene 
sediments. There is a pronounced decrease in calcite content of the mudstones. There 
is no petrographic evidence for calcite dissolution, however, and the change is gradual 
with increasing depth. This trend is interpreted as being due to changes in 
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FIG. 4.1. Composition o f mudstones vs depth from XRD analysis. Results 
from analysis o f mudstones hand picked from bulk cuttings.
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calcite content greater in sediments deposited closer to the paleoshoreline. This is 
consistent with the fact that the sediments represent an overall retrogradational sequence 
with shallow marine/fluvial deltaic sediments of the lower Miocene prograding over the 
deeper water deposits of the Upper Oligocene (Chapter 3).
There is an increase in the relative proportion of smectite to illite + kaolinite in the 
mudstones (Fig. 4.2). The less than 2pm fraction of detrital mudstones consists of 
kaolinite (10%), illite (10%), smectite (38%), mixed-layer illite/smectite (42%) (Fig. 
4.2)(Appendix 4). The mixed-layer clays are randomly ordered with greater than 75% 
smectite (expandable layers). This is consistent with the composition of shallow Upper 
Oligocene shales throughout Northern Gulf Coast salt basin in Texas and Louisiana 
(Burst, 1969; Perry and Hower, 1972; Hower et al., 1976; Bruce, 1984; Sullivan and 
McBride, 1991). Smectite is a common alteration product of volcanic material in 
surface weathering conditions, and its enrichment in the Oligocene sediments most 
likely reflects the relative volcanic rich composition of the Oligocene source area, 
although subsurface alteration can not be ruled out with existing data.
Compositional trends related to burial diagenesis include an increase in analcime 
and siderite with increasing depth. These trends are discussed below.
Sandstone Composition
Analyses of sidewall cores of the Lower Anahuac sandstones were provided by 
Mobil Exploration and Producing (Appendix 7). These sands are poorly to 
moderately well sorted feldspathic litharenites. Grain size varies from very fine to fine 
sand. Quartz is dominant, averaging 35 to 40 percent of the grains. Feldspars average 
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and volcanic rock fragments comprise from 14 to 25 percent of the framework grains. 
Other detrital components, in order of decreasing abundance, are detrital clays, mica, 
clay balls, foraminifera, glauconite, organic fragments, and heavy minerals. In terms 
of the amount of detrital clay the sandstones vary widely from clean to very 
argillaceous.
The less than 5 pm fraction of the sands consists of chlorite (9%), kaolinite (14%), 
illite (36%), and smectite (40%). The clay mineral fraction of the sands are enriched in 
chlorite, which makes up less than 2 percent of the sands sampled, with respect to 
detrital clay-rich mudstones. The chlorite fills intergranular pores and is associated 
with altered framework grains suggesting it is authigenic.
The dominant authigenic mineral in the sidewall core samples is analcime which 
ranges from 2 to 10 percent of the sandstone. Ferroan dolomite has been documented 
in several of the deeper sandstones in the Mobil data but this has not been verified by 
XRD or SEM/EDS analysis conducted as part of this study. Siderite, on the other hand 
is present in most of the samples from cuttings. The reported ferroan dolomite thus 
may well be siderite. Further analysis is required for definitive identification. The 
presence of late iron rich carbonate is, in itself, significant.
Two end-member lithotypes are recognized in the well lithified Upper Oligocene 
cutting samples: quartzofeldspathic arenites and feldspathic litharenites. The later are 
similar in composition to the Oligocene side wall core samples. The relative proportion 
of fossil fragments in the quartzofeldspathic arenites varies from 0 to 25 percent, and 
they are depleted in volcanic lithic fragments with respect to the feldspathic litharenites. 
Cutting samples are moderately well sorted, clean sands which lack detrital clay matrix. 
Primary intergranular porosity has been completely occluded by precipitation of calcite, 
analcime, and siderite. These cements generally make up less than 10 percent of the 
side wall core samples.
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Preservation of primary intergranular porosity is the dominant porosity type in the 
reservoir rocks and ranges from 15 to 30 percent. The cutting samples are biased 
towards well lithified sands which survive the drilling process and are well sorted fine 
to very fine grained clean sands. Cementation by analcime and calcite is the dominant 
mechanism for porosity reduction in the sandstones.
D iagenesis
Precipitation of analcime, calcite, and siderite, and the alteration of volcanic lithic 
fragments are the major diagenetic reactions which have affected the composition, 
porosity, and permeability (Fig. 3.10) of the Oligocene sediments. These 
compositional trends are reflected in the major cation composition of HC1 soluble 
minerals in cutting samples, as determined by ICP. Most dramatic is an increase in 
sodium, aluminum, iron, and manganese with depth (Fig. 4.3) and a decrease in 
calcium. These trends reflect the increase in authigenic mineral compositions 
documented above. The increase in sodium and aluminum is directly proportional to 
the presence of analcime (Appendix 6). The increase in iron is directly proportional to 
the increase in siderite (Appendix 6). The decrease in calcium is due to the relative 
decrease in calcite composition. Minor authigenic minerals include sphalerite, barite, 
pyrite, marcasite and Ti02 .
The relative proportion of each of the major diagenetic minerals varies with 
lithology. Analcime is the dominant authigenic mineral in the feldspathic litharenites in 
both cutting and side wall core samples. It is relatively more abundant in the cutting 
samples, where it completely occludes primary intergranular porosity, than in the side 
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are minor cements in these samples. Both analcime and siderite are restricted 
stratigraphically to the lower Anahuac and upper Frio sands and increase in abundance 
with increasing depth.
Calcite is the dominant cement in the quartzofeldspathic arenites, where it completely 
fills intergranular pores. Calcite cement is absent in the feldspathic litharenites although 
calcite does occur as a minor alteration product of framework grains. Analcime and 
siderite are also present in the quartzofeldspathic arenites and postdate calcite cements. 
Calcite cemented sandstones occur throughout the section.
Calcite
Calcite is the primary cement in Oligocene quartzofeldspathic sands. The sands are 
well sorted, clean, very fine grained sandstones with only trace amounts of detrital 
volcanic lithic fragments. Although calcite is the dominant authigenic mineral in these 
sandstones quartz, pyrite, marcasite, barite, sphalerite, siderite, and analcime also 
occur.
There are two texturally distinct calcium carbonate cements within the sandstones: 1) 
an early acicular one that forms radiating bundles and fills intergranular pores and 2) 
coarse poikilotopic to equant calcite (Fig. 4.4). The acicular cement is similar in 
morphology to early aragonite or high magnesian calcite marine cements. Early marine 
aragonite cements are generally enriched in strontium (7000 - 10000 ppm) and early 
marine calcite cements are enriched in magnesium (20 mole %)(Bathurst, 1975). The 
acicular cement in these sands are low in magnesium, manganese, iron, and strontium 
suggesting a low magnesium calcite mineralogy. Definitive identification of the acicular 
cement mineralogy is not possible because of its low abundance in thin section 
samples. The poikilotopic calcite fills primary intergranular pores and replaces detrital 
quartz and feldspars (Fig. 4.4). It is low magnesian, low iron and enriched in
Fig. 4.4. C alcite  cem ented  sandstones, a) T ransm itted  lig h t p ho tom icrograph  o f  
acicular calcium carbonate cem ent in quartzofeldspathic sand. N ote early quartz  
overgrow ths. H orizon ta l sca le  -  0 .65m m  D ep th  = 6 8 5 0 ft. (2088m ) B V 14. b) 
P lane po larized  light photom icrograph o f  (a).
Fig. 4.4 c) P lane  p o la rized  ligh t pho tom icrograph  o f  po ik ilo top ic  calcite fil lin g  
prim ary intergranular pores and  replacing detrital fram ew ork  grains.
H orizon ta l sca le  = 1.3m m . D ep th  = 6 8 5 0 f t .  (2088m ) B V 14.
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manganese with respect to iron as determined from EDS. There is no compositional 
zoning with respect to luminescence dependent trace elements.
In addition to calcite cements, a black microcrystalline calcite is also present in the 
cutting samples. These fine grain carbonates contain 1.5 % siderite component.
Carbon and oxygen isotopic composition was determined on bulk sandstones picked 
from cuttings as well as for the black microcrystalline calcites. There is a wide range in 
carbon isotopic values for the sandstone cements 5 ^ C  =-28.81 to -0.81 °/oo PDB. 
Oxygen isotopic values range from -6.08 to -1.91 °/oo PDB (Table 4.1). There is no 
systematic variation in isotopic composition with increasing depth. There is a linear 
covariance in 8 and 8 (Fig. 4.5) with 8 increasing with increasing 8 ^ O . 
Isotopic composition of the black calcites is relatively constant, ranging from S ^ C  = - 
7.13 to -10.03 and 8 l s O =-2.35 to -2.63.
Table 4.1: Isotopic composition of Oligocene calcite, West Hackberry
Field, Cameron Parish, Louisiana
Calcite Cement in Sandstones
DEPTH (m)/(ft) 5 13C (PDB) 5 180  (PDB) 87Sr/86Sr
2082/6830 -23.43 -4.71
2091/6860 -28.81 -5.49
2100/6890 -13.90 -4.93 0.707624
21 09/6920 -2.910 -3.67
2109/6920 -1.330 -2.68
21 18/6950 -11.09 -4.45
2128/6980 -6.490 -3.49 0.708584
2134/7000 -17.29 -3.88
2220/7285 -2.390 -2.34




2091/6860 -10.30 -2.63 0.708052
21 00/6890 -7.13 -2.63
2109/6920 -10.07 -2.62
21 18/6950 -7.43 -2.36
2128/6980 -9.43 -2.41
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Calcite also occurs associated with altered lithic fragments and as anhedral 
inclusions within the analcime. There is a distinct relation between calcite composition 
of mudstones and depth. The relative abundance of calcite decreases with increasing 
depth (Fig. 4.6).
Siderite
Siderite is present in both feldspathic litharenites and quartzofeldspathic sands as 
anhedral intergranular pore fill (Fig. 4.7) and fine grained anhedral crystals 
disseminated throughout analcime matrix (Fig. 4.8).
Siderite occurs mainly as a grain replacement or late pore fill (Fig. 4.8) in sands 
where it is a dominant authigenic mineral. It is relatively high in calcium and 
manganese, is associated with authigenic anhedral analcime and postdates calcite 
cement (Fig. 4.7 and 4.9).
Analcime
Analcime is the dominant authigenic mineral in the feldspathic litharenites. It occurs 
as: 1) trapezohedral, isotropic crystals filling and lining pores in sandstones (Fig.
4.10), 2) fracture and pore space fillings in calcite cemented sands and siderite rich 
sands (Fig. 4.11) and 3) a microcrystalline component of siltstones and shales. The 
poikilotopic analcime cement is often inclusion-rich and may have a porous texture 
(Fig. 4.10). In addition to analcime, authigenic pyrite, marcasite, siderite, calcite, and 
barite also occur.
Analcime within these sandstones is enriched in silica 
Na13.55Al13.55Si34.45096-nH20 with respect to stoichiometric analcime 
NaAlSi206‘H2 0  (Si/Al = 2.00) and has an average Si/Al ratio of 2.54 ± 0.06, as 
determined by electron microprobe analysis. A Si/Al ratio of 2.4 ± 0.064 
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Fig. 4.6. R esu lts  o f  p o w d e r  X R D  f o r  sha les a n d  s ilts to n es  B V  14 a n d  15  
versus depth. N o te  calcite decreases w ith  increasing depth.
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Fig. 4.7. a) SE M  back-sca tter im age. A nhedra l ana lcim e, siderite  and  sphalerite  
in calcite cem ented  sandstone. Scale bar = 100 p tn . D ep th  = 6 9 2 0 ft. (2109 m). 
b) c lose up o f  (a).
Fig. 4.8 SE M  back-sca tter im age. A nhedra l siderite  d ispersed  in analcim e  
c e m e n tS c a le  bar  = 100 / M n .  D epth  = 6 9 5 0 ft. (2118 m).
Fig. 4.9. SE M  back-sca tter im age. Siderite  rich  sandstone. C alcite  is the  
dom inant intergranular cement. Siderite fills  pores and  replaces grains. Scale bar
100  p m . D ep th  = 7285 f t .  (2220 m).
Fig. 4.10. A nalc im e cem ents: a) T rapezohedral analcim e crysta l lining pore , 
b) SE M  back-scatter im age analcim e cem ented sandstone w ith fram bo ida l pyrite  and
anhedra l siderite. D ep th  6 9 5 0 ft  (2118 m ). Scale bar = 100 pm .
Fig. 4.11 SE M  back-scatter im age: a) A nalcim e fil lin g  fra c tu re  in calcite cem ented  
sa n d  and  associated with siderite and  sphalerite p o s t dates calcite cement. Scale bar =
100  p m . D ep th  = 6 9 2 0 ft. (2109 m).
Fig. 4.11 b) A nalcim e in siderite-rich  sandstone replacing earlier calcite  cem ent. 
S ca le  b a r = 100 p m . D ep th  -  7 2 8 5 ft. (2220 m).
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peak from XRD analysis of cuttings. The bulk cuttings include varying proportions of 
sandstone, siltstone and shale fragments. The small discrepancy in Si/Al values is 
within analytical error but the possibility that there are compositional variations between 
analcimes in the sandstones and those in shales and siltstones can not be ruled out with 
available data.
Analcime is also present as a microcrystalline (< 2|im) component of siltstones and 
shales in lower Anahuac and upper Frio Formations. Analcime increases in abundance 
with increasing depth within the finer grained siltstones and shales (Fig. 4.12). The 
analcime-rich siltstones and shales are enriched in feldspars and depleted in calcite with 
respect to the overlying marine shales (Fig 4.1). In addition, in the less than two 
micron size fraction of the analcime-rich siltstones and shales, smectite is more 
abundant than in the overlying sediments (Fig. 4.13)(Appendix 4). Kaolinite and illite 
are present in equal proportions and mixed layered clays make up 30 to 50 percent of 
the fine fractions. Analcime is absent in this size fraction.
Alteration of Volcanic Lithic Fragments
Volcanic lithic fragments are relatively abundant in the analcime cemented sands (5 
to 10%) and have experienced extensive in situ alteration. Although the original 
microlitic texture of these rhyolites and trachytes has been preserved in some fragments 
(Fig. 4.14) most volcanic grains have been altered to quartzofeldspathic composition. 
These altered fragments are composed of quartz, k-feldspar, albite/analcime, and clay 
minerals. They are often associated with fine grained, euhedral iron disulfides such as 
pyrite and marcasite, and titanium oxides (Fig. 4.14 and 4.15). In some cases they are 
completely replaced by analcime and calcite and rimmed by titanium oxides (Fig. 4.15). 
In situ alteration is supported by the preservation of clay minerals and the highly 
irregular fragment boundaries. EDS spectra shows the iron rich composition of this
7 8
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Fig. 4.12. R esu lts  o f  p o w d e r  X R D : a) P ercen t ana lcim e in sandstones vs  dep th  f o r  
w ells B V 14 a n d  15. b) P ercen t analcim e in shales and  siltstones vs depth  f o r  w ells B V  
14 a n d  15.
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Smectite
+ Samples without analcime 
D Samples with analcime
Kaolinite Illite
Fig. 4.13. Ternary d iagram  o fX R D  resu lts  o f  o f  the less than  2 jum  fra c tio n  fr o m  
shales in  w ell B V  14. N o te  the analcim e rich  sam ples are  enriched  in sm ectite  w ith  
respect to sam ples w ith  no  analcim e.
Fig. 4.14 S E M  back-sca tter im age: analcim e cem ented  sandstone, a) M icro litic  
texture o f  the unaltered volcanic lithic fragm ents. Scale bar -  10p m . D ep th  6 8 6 0 ft. 
(2090  m ). b) A lte red  volcanic lithic fra g m e n t com posed  o f  quartz, K -feldspar, 
analcim e and  clay. Scale bar = 100 pm . D epth  = 6860 f t /  (2090 m).
Fig. 4.14. c) A ltered  vo lcan ic  lith ic  fra g m e n t now  com posed  o f  quartz, K- 
fe ld sp a r , analcim e, a n d  iron sulfides. Scale bar = 100 p m . D ep th  6 9 2 0 ft. (2109 m). 
d) A ltered  volcanic lithic fra g m en t. N o te  preservation o f  clay a t boundary o f  fra g m en t  
suggesting  in situ  alteration. Scale  bar  = 10 pm .D ep th  = 6 8 6 0 ft. (2090 m).
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Fig. 4.15. S E M  back-sca tter im age: analcim e cem en ted  sandstone , a) R im  o fT i0 2  
defines boundary o fd e tr ita l gra in  completely replaced by analcim e w ith m inor calcite.
Sca le  b a r  = 10 p m . D epth  = 6 9 2 0 ft. (2109 m ). b) R im  o fT i0 2  defines boundary o f  a
detrita l grain com pletely replaced by  analcime and m inor calcite. Scale bar = 100 pm . 
D ep th  = 6 9 2 0 ft. (2109 m).
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authigenic clay (Fig. 4.16) Outlines of calcite and Ti02 are all that is preserved of 
some framework grains, now completely replaced by analcime (Fig. 4.15). This 
suggests at least some framework grain alteration occurred at the same time as analcime 
precipitation. There is no systematic distribution of analcime cements within the sands 
and proximity to shale boundaries. Analcime is relatively more abundant in sands with 
low detrital clay matrix.
Although feldspars and clays are products of alteration of lithic fragments they are 
not significant pore filling minerals.
Minor Authigenic Minerals
In addition to analcime, calcite, and siderite, authigenic pyrite, marcasite, barite, 
sphalerite, and quartz overgrowths also occur. Quartz overgrowth on detrital quartz 
grains are a minor authigenic component and precedes the acicular carbonate cement 
(Fig. 4.4).
Pyrite occurs as fine grained euhedral masses associated with altered volcanic 
fragments (Fig. 4.14), as ffamboids (Fig. 4.7 and 4.16), and as fine-grained inclusions 
disseminated within the analcime cement. Iron sulfides also occur as anhedral masses 
radiating from altered detrital iron, titanium oxides (Fig. 4.16) and as euhedral crystals 
associated with anhedral to euhedral barite (Fig. 4.17). The fine grain euhedral laths of 
iron disulfide are probably marcasite, but they are too fine grain to evaluate in a 
definitive manner under reflected light. They occur disseminated throughout the calcite 
cement matrix, filling fractures in framework grains and associated with barite (Fig. 
4.17). The pyrite-barite assemblage occurs in linear trends cross-cutting earlier 
cements and filling fractures in framework grains (Fig. 4.17). Barite is often found in 
linear trends cross-cutting framework grains and analcime cements as discontinuous 
anhedral crystals (Fig. 4.17).
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FIG. 4.16. E D S spectra  o f  au th igen ic  clay w ith in  a ltered  vo lcan ic  lith ic  fra g m en ts . 
N ote  clay is enriched  in iron.
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Fig. 4.17. a )SE M  b a c k s c a tte r  im age iron su lfides in ana lcim e cem en ted  sam ple. 
D ep th  6 9 5 0 ft. (2118 m). Sca le  bar  = 100 p m . b) SE M  back-scatter image. A nhedra l 
m assive pyrite  replacing detrital ilmenite. D ust rim  defines the orig inal detrital grain  
boundaries. Scale  bar = 100 pm . D epth  -  6 9 5 0 ft. (2118 m).
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Fig. 4.17 c) SE M  back-sca tter im age o f  euhedral p y r ite  p rec ip ita ted  around  nucleus  
o f  de trita l ilm enite. Scale bar  = 100 pm . D epth  = 6 9 5 0 ft.(2 1 1 8  m).
87
Fig. 4.17 d) SE M  back-sca tter  im age. E uhedral p yr ite  su rrounded  by anhedra l
barite  in calcite cem ent matrix. Scale bar -  100 pm . D epth  = 6830 f t .  (2082 m). e) 
SE M  back-scatter image. Pyrite and  barite filling  frac tu re  and  replacing calcite cement.
Sca le  bar = 100 pm . D epth  = 6 8 3 0 ft. (2082 m).
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Fig. 4.17 f )  SE M  back-sca tter image. E uhedral pyrite  and  anhedra l barite  cro ss­
cutting  calcite cem ented  sandstone. Scale bar = 1000 p m . D epth  -  7285 f t .  (2220 m). 
g) SE M  back-scatter im age euhedral barite within a detrital quartz grain surrounded by  
la ths o f  m arcasite in calcite cem ented sandstone.Scale bar = 100 pm . D epth  = 6 8 9 0 ft. 
(2100 m).
8 9
Sphalerite is found associated with siderite as anhedral crystals which post-date 
calcite cementation in quartzofeldspathic sands (Fig. 4.7).
D iscussion
Diagenetic History
Fig. 4.18 is a schematic diagram for the relative timing of authigenic minerals.
Minor quartz overgrowths initiated chemical diagenesis and precedes cementation by 
acicular and poikilotopic calcite cements. The calcite cements are the dominant 
authigenic mineral in quartzofeldspathic sands. Detrital grains in volcanic lithic 
fragment rich sands cemented by analcime are closer packed than most calcite cements 
sands suggesting the bulk of calcite cementation occurred prior to significant analcime 
cementation. In samples containing calcite, analcime, and siderite, the analcime and 
siderite fill fractures and replace both framework grains and calcite cement. This 
suggests the bulk of calcite precipitation occurred prior to analcime and siderite 
mineralization. Pyrite, marcasite, and barite postdate calcite and analcime cement. 
Anhedral sphalerite is found spatially associated with late stage analcime and siderite in 
calcite cemented sands.
Origin of Calcite
Calcite is a significant porosity-occluding cement in sandstones at West Hackberry. 
Variation in the texture and isotopic composition of the calcites suggest multiple calcite 
precipitation events occurred throughout the burial history of these sediments.
Carbon and Oxygen isotopic composition
Carbon and oxygen isotopic composition provides some constraint on the origin of 
calcite cements. Carbon isotopic composition is primarily a function of the
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composition of the carbon reservoir, whereas the oxygen isotopic composition is a 
function of both the composition of the parent fluid as well as temperature. An increase 
in temperature, with fluid composition constant, would result in calcites progressively 
depleted in -^O [Kpln 0 tc a lc ite -H 2 O  = 2.78 (lOfyT^ )- 2.89](Friedman and O'Neil, 
1977). Interpretation of temperatures of precipitation is complicated by the fact that the 
isotopic composition of South Louisiana brines increases with increasing depth and 
temperature (Fig. 4.19)(Clayton et al., 1966; Posey et al., 1985; Gonthier, 1989).
This increase in 1^0 is attributed to increasing contribution of rock derived oxygen 
(Clayton et al., 1966; Khar aka et al., 1973). The linear trend in 8 is probably the 
result of mixing between meteroric sourced waters, relatively depleted in 1̂ 0 , and deep 
basinal brines, enriched in through extensive water-rock interaction (Clayton et al., 
1966; Posey et al., 1985).
There is a wide range in both carbon (-28.81 to -0.81 °/oo PDB) and oxygen values 
(-5.49 to -1.91 %>o PDB) of the Oligocene calcite at West Hackberry, suggesting 
multiple generations of calcite cementation from a continually evolving reservoir. The 
association of more depleted carbon with more depleted oxygen values (Fig. 4.5) 
suggests that there was a progressive increase in the contribution of organic carbon 
with increasing temperature and, therefore, depth of burial.
The linear trend of carbon and oxygen values suggests contribution from multiple 
reservoirs. Isotopically light calcites probably represent precipitation from relatively 
warm, organic rich waters. The lightest carbon values (-28.8 °/oo PDB) are consistent 
with those for average oils in Tertiary reservoirs of the Gulf Coast which average -27 
%x> PDB (Walters and Cassa, 1985). Although the Oligocene sands are oil and 
condensate reservoirs and the oxidation of liquid hydrocarbon is a viable source for late 
calcite cements, no hydrocarbon inclusions were observed in any of the samples. 
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L ou isiana  (F rom  P osey  e t al., 1985; G onthier, 1989).
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oxidation of methane (8 13c = -60 to -40 °/oo PDB)(Stahl, 1974; Fuex, 1977) and 
CC>2 derived from dissolution of isotopically heavy, early marine carbonates (8 13c =
0 °/oo PDB)(Milliman, 1974). Analysis of Miocene skeletal material suggest Miocene 
sea water has 8 13c = 0 to -2 and 8 ^ 0  =3.2 to -0.90 (Milliken et al., 1981). These 
values are consistent with the isotopic composition of the heaviest (enriched in 13c and 
1^0) Oligocene calcites analyzed here.
The black microcrystalline calcite has a relatively restricted range in carbon and 
oxygen isotopic composition suggesting it represents a single generation of calcite 
precipitated from a homogeneous reservoir.
Calcites in equilibrium with present day pore fluids at reservoir temperatures would 
have an 8 1^0 = -10.93 %x> PDB. Although this is significantly depleted in 1^0 with 
respect to the Oligocene calcite it may represent a minimum value for a potential end 
member composition. Because analysis of cutting samples generally represents an 
composite value for a mixture of sediments over at least a 30' interval it is likely that the 
isotopic values reported here represent the mixing of samples with distinct isotopic 
compositions. The isotopic composition of the heaviest calcites is consistent with a sea 
water source. A temperature of 25° C is calculated for 8 1^0 = 1.91 °/oo PDB further 
supporting a syndepositional origin. The 8 *3c  for the theoretical light end member 
calcite is determined by extrapolation of the trend in Fig. 4.5. A calcite precipitated at 
reservoir conditions would have an expected isotopic composition of 8 1^0 = -10.93 
°/oo and 8 *3c  = -57.6 °/oo. This would require a methane source. The lightest 
Oligocene calcite is considerably more enriched than this (8 1^0 = -5.49 °/oo and 8 
13c = -28.2 °/oo). Whether the intermediate values represent the physical mixing of 
sands cemented by different generations of calcite or reflect pore fluid composition at 
the time of precipitation can not be determined with available data.
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The Oligocene calcites at West Hackberry are enriched in both and *3C with 
respect to those cementing the overlying Miocene sands (Fig.4.20) ( Chapter 5, 
McManus and Hanor, 1988). This most certainly represents the additional contribution 
of marine cements and/or CaC03 from dissolved skeletal carbonates in the Oligocene 
samples. It is interesting to note the good linear correlation of the Oligocene and 
Miocene calcite isotopic values.
They are enriched in ^ O  and depleted in with respect to calcite cements of the 
Frio sands in Texas (Fig.4.20)(8 ^ O  = -4 to -13 °/oo PDB; 8 ^ C =  0 to -10 %x> 
PDB)(Milliken et al, 1981; Land, 1984). This suggests the Louisiana calcites were 
precipitated at shallower depths from a reservoir with a greater concentration of organic 
carbon. The isotopic composition is consistent with carbonate nodules from Texas 
Frio (8 13C= -20 to -30; 8 18o=-3 to -5 °/oo PDB) (Fig.4.20)(Milliken et al, 1981). 
Strontium isotopes
Strontium isotopic ratios of the Oligocene calcites vary significantly (Table 4.1). 
Note that the samples analyzed for carbon and oxygen are not the same samples 
analyzed for strontium, so a relation between stable isotopic composition and strontium 
composition can not be evaluated. Nonetheless, there is a significant range in 
87Sr/86sr values from 0.707624 to 0.708584. The least radiogenic calcite is 
consistent with Oligocene sea water which has a range in isotopic ratios from 0.70760 
to 0.70780 (Burke et al., 1982; Koepnick et al, 1988). The most radiogenic calcite 
(87sr/86sr = 0.708584) is considerably more radiogenic than Oligocene seawater. 
There are several potential sources for the radiogenic strontium 1) Miocene sea water 
which had a range in isotopic ratios from 0.70825 and 0.70890 (Burke, 1982;
Koepnick et al., 1988), 2) Present day formation waters, strontium ratios of South 
Louisiana brines vary on a regional scale and range from 0.70840 to 0.70962 (Posey et 
al., 1985), and 3) dissolution of aluminosilicates. A Miocene source would require
95
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□ Milliken and Land, 1981 (Non-ferroan)
«  Mill iken and Land, 1981 (ferroan)
u Mi 11 Iken and Land, 1981 (Nodular)
*  Mil 1 iken and Land, 1981 (Miocene aragonite)
■ This Study (Oligocene sandstones)
°  This Study (Oligocene black calc i te)
A McManus and Manor, 1988 (Miocene sandstones)
Fig. 4.20 8180  o too  P D B  vs S 13C  P D B  o f  ca lcite  fr o m  O ligocene  sands a t  W est 
H ackberry  (this study) w ith  respect to calcite cem ents in  M iocene sands a t W est 
H ackberry  ( th is study) a n d  F rio  sands T exas G u lf  C oast (from  M illiken , e t al., 1981).
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transport from stratigraphically shallower sediments to more deeply buried sediments. 
Although this is not consistent with the general hydrodynamics of the Northern Gulf of 
Mexico basin and can not be ruled out with available data it does not seem likely. The 
dissolution of aluminosilicates is consistent with diagenetic trends within Tertiary 
sediments of the Gulf Coast and with data presented here. It is likely that the 
radiogenic calcites formed relatively late in the paragenetic sequence with contributions 
from dissolution/alteration of detrital aluminosilicates, especially potassium feldspar. It 
is also consistent with precipitation from present day brines which are thought to derive 
their radiogenic composition from extensive water-rock interactions (Posey, et al., 
1985).
Strontium isotopic compositions of the black microcrystalline calcites are 
intermediate between those reported for calcite cements, ^ S r /^ S r  = 0.708052. The 
black calcites are also significantly enriched in strontium with respect to the calcite 
cements (600 ppm vs 200 ppm) (Appendix 5). The black calcites are depleted in 
87Sr/86sr and enriched in Sr concentration with respect to present day brines (Posey et 
al., 1985). The mixing of a nonradiogenic, strontium-enriched source, i.e. Oligocene 
skeletal material, especially aragonite, with a radiogenic, strontium depleted source, i.e. 
present day brines, could account for the strontium composition of the black calcites.
Origin of Siderite
Textural evidence suggests siderite precipitation occurred after calcite cementation 
and at the same time as analcime and sphalerite. The presence of siderite places some 
constraints on the composition of the precipitating pore fluids. Siderite is stable with 
respect to other iron minerals in solutions relatively high in CO2 and low in sulfate and 
calcium (Fig. 4.21) and is stable under low Eh conditions, where ferrous iron is the 









Fig. 4.21 Relative fugacityIf ugacity diagram for the Fe-S-C02-02 system, 
construcedfrom data reported in Bowers et al., 1986 assuming constant pressure and 
temperature.
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would be stable with respect to siderite in solutions enriched in sulfate and calcium. 
During early diagenesis of organic rich muds conditions favorable to siderite 
precipitation evolve shortly after burial, less than tens of meters from the surface, upon 
complete reduction of aqueous sulfate by sulfate reducing bacteria and the onset of 
methanogenesis (Curtis and Coleman, 1986; Gauntier and Claypool, 1984). Similar 
conditions are likely to exist at current burial depths, in the pressure transition zone, 
where high alkaline geopressure waters may be mixing with the high salinity brines of 
the hydropressure zone.
Late stage iron rich carbonates have been documented in the Frio and Wilcox sands 
of the Texas Gulf Coast (Boles, 1978). The availability of reduced iron for 
siderite/ankerite precipitation is attributed to the release of iron during the smectite to 
illite transformation in adjacent shales and its subsequent reduction during the oxidation 
of organic matter. Illite is depleted in K and Al and enriched in Na, Ca, Fe, Mg, and Si 
with respect to smectite in Tertiary Gulf Coast shales (Hower et al., 1976; Boles and 
Franks, 1979). The dissolution of potassium feldspar or smectite are potential sources 
for the K and Al (Hower et al., 1976; Boles and Franks, 1979). The following 
illitization reactions are written using smectite and illite stoichiometry calculated for 
Oligocene and Miocene clays of the Gulf Coast and assuming 1) Al is mobil, i.e. 
feldspar is the source or 2) Al is conserved, i.e. smectite is the source (Boles and 
Franks, 1979).
1) Assuming Al3+ mobile;
Smectite
4.5 K +  + 8A13 +  +  K N aC a2M g4F e4A l i 4S i38O l00(O H )20 ' IOH2O ->
Illite
K5.5Mg2Fei.5Al22Si35Ol00(OH)20 + Na+ + 2Ca2+ + 2.5Fe3+ + 2Mg2+ +
3Si4+ + 10H2O




3.93K+ + 1.57KNaCa2Mg4Fe4Ali4Si38Ol00(OH)20 • IOH2O ->
Illite
K5.5Mg2Fei.5Al22Si35Oi00(OH)20 + 1.57Na+ + 3.14Ca2+ +
4.28Mg2++4.78Fe3++24.66Si4+
+ 5702'  + 11.4 OH" + 15.7H20 
(Boles and Franks, 1979)
3) CH2O + 2Fe203 -> CO2 + H2O + 4 FeO
(Crossey et al., 1986)
Additional potential sources for iron are the oxidation of iron sulfides or reduction of 
iron oxides. There is no textural evidence for either of these two reactions in the 
Oligocene Hackberry sands.
The shales immediately adjacent to the siderite rich sands have not experienced any 
significant smectite to illite transformation, as evidenced by the high proportion of 
smectite in these shales and their enrichment in smectite with respect to the overlying 
sediments.
The onset of significant clay mineral alteration in the Oligocene-Miocene shales of 
the Gulf Coast occurs at the depth range of 3 to 3.5 km (9850 - 11500 ft.) at 
temperatures between 80° C and 100° C (Hower et al., 1976). It may therefore be 
occurring in stratigraphically equivalent sediments down dip from those sampled in this 
study or in stratigraphically lower, more deeply buried, sediments. A smectite to illite 
source for iron would require some mass transport of iron in solution upward to the site 
of precipitation in the shallower sediments. The relative increase in siderite with 
increasing depth supports a higher temperature, deeper source for iron.
Potential sources for CO2 include dissolution of Oligocene skeletal material (Land, 
1984) or the oxidation of organic matter (Crossey et al., 1986). The isotopic
1 0 0
composition of the siderites would help to constrain the origin of the CO2, but has not 
yet been determined. The fact that siderite postdates most calcite precipitation and the 
latest calcites have been interpreted as being deposited from hot fluids relatively 
enriched in organic matter suggests the oxidation of organic matter is likely the ultimate 
source of CO2 in the siderites. A detrital carbonate source can not be ruled out with 
existing data.
Origin of Analcime
Analcime, is a sodium rich zeolite with an ideal structural formula of 
Naj6(Al 16Si32096> I6H2O. It is a common authigenic mineral in sedimentary,
diagenetic and metamorphic environments. Early syndepositional analcime occurs 
predominantly in volcaniclastic sediments by the reaction of pore fluids with unstable 
volcanic materials in a variety of hydrodynamic regimes including saline alkaline lakes, 
gravity-driven meteoric flow systems and sea water (Hay, 1966; Hay, 1977; Surd am, 
1977; Hay and Sheppard, 1977). In saline alkaline lake deposits analcime is thought to 
result from the alteration of a precursor zeolite and not by the direct alteration of 
volcanic glass (Surdam, 1977). Analcime may also form by the direct precipitation 
from lake waters or the alteration of clay minerals in these environments. The 
occurrence of analcime in deeply buried sediments is not restricted to volcaniclastic 
sediments and is found in arkosic and lithic fragment rich sandstones (Boles, 1977).
The stability of analcime in sedimentary and diagenetic environments is a function of 
temperature and solution composition. Phase diagrams were constructed for the Na20- 
Al203-SiC>2-H20 system at 25°, 50°, 75° and 100° C from the thermodynamic data for 
hydrolysis reactions listed in Bowers et al., 1984. Paragonite on these diagrams 
proxies for the sodium rich illite, NaAl2(AlSi30io)(OH)2 (Aagaard and Helgeson, 
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respect to other common sodium aluminosilicate minerals as a function of solution 
composition, principally the Cl Na+, pH and Cl H4SiO40. Analcime is stable with 
respect to albite in pore fluids with lower silica activities and with respect to clay 
minerals at higher t2Na+/<2H+ compositions. The stability field of analcime expands 
with increasing temperature and the phase becomes stable with respect to albite at 
higher t2H4Si04° and with respect to clay minerals at lower log <2Na+/t2H+. Analcime 
is stable with respect to more hydrous silica rich zeolites at higher salinities and 
temperatures and alters to calcium rich silica poor zeolites or alkali feldspars with 
increasing salinity and temperatures. Analcime in mudstones occurs in phyllosilicate 
rich matrix as well as filling intraskeletal pores. The clay mineral assemblage of the 
analcime rich mudstones is enriched in smectite with respect to the overlying analcime 
poor mudstones. The gradual increase in smectite is not coincident with the rather 
abrupt increase in analcime suggesting the increase in smectite is more likely a reflection 
of variation in source composition rather than an associated diagenetic change.
Smectite is a common alteration product in volcaniclastic sediments at surface 
conditions and probably represents early diagenesis of the volcanic rich sediments at 
their source. This trend towards silica poor less hydrous aluminosilicates with 
increasing temperature and salinity is reflected in the lateral zonation of zeolites in saline 
alkaline lake deposits and the vertical zonation of zeolites with increasing depth in burial 
diagenetic environments. The common zeolite reactions with increasing temperature 
and salinity are listed in Table 4.2. Zeolites are stable with respect to calcite + clay 
minerals at relatively low pCC>2 (Table 4.2).
The analcime in Oligocene sands at West Hackberry fills intergranular and 
intraskeletal pores, and fractures and replaces precursor calcite cements and detrital 
framework grains, especially volcanic lithic fragments and fossil fragments. It is 
closely associated with authigenic siderite and postdates calcite cements. There is no
Table 4.2: Common zeolite reactions written so that aluminum is conserved 
(after Surdam, 1977).
1) Rhyolitic/trachitic glass + Na+ + H2 O =* alkalic, silicic zeolites
2) Alkalic,silicic zeolites + Na+ => Analcim e
Clinoptilolite Analcime
Na2K2CaAl6Si3oC>72-24H20 + 4Na+ => 6NaAISi206 'H20  + 18Si02 + 2K+ + Ca2+
Heulandite Analcime
Ca4Al8Si28072 '24H2 0  + 8Na+ => 8NaAISi206 ‘H20  + 12SiC>2 + 4Ca2+
3) Clay minerals + Na+ + S1O2  + H2 O =* Analcime + H *
Kaolinite Analcime
AI2Si2 0 5(0 H)4 + 2Si02 + 2Na+ =* 2NaAISi2 0 6 'H20
Na-montmorillonite Analcime
3N ao.33A l2.33Si3.670io(O H )2 + 2Na+ + S i0 2 + 2.33H20 => 7NaAISi206-H 20 + 6H+
4) Analcime + K+ + S1O2  => Potassium Feldspar + Na+
Analcime Potassium Feldspar
NaAISi206-H20 + K+ + SiC>2 => KAISi3 0 s  + H20  + Na+
5) Analcime + Ca2+ + H2 O => Laumontite + Na+
Analcime Laumontite
NaAISi2 0 e-H20  + 4Ca2+ + 8H2O => Ca4AlsSii 6048-16H2O + 8Na+
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textural evidence for a precursor zeolite. This textural evidence suggests analcime was 
precipitated directly form pore fluids supersaturated with respect to analcime.
Analcime composition of sands and mudstones increases with increasing depth 
suggesting an increase in salinity and temperature with increasing depth may have been 
important factors in its occurrence. Although the limited distribution of samples 
precludes evaluating the areal distribution of analcime at West Hackberry an increase in 
zeolite (clinoptilolite and analcime) mineralization towards salt domes has been 
documented occurring around other salt domes in the Gulf Coast (Greg Roche, per 
communication). In addition, analcime has not been previously documented in 
Oligocene sediments of the upper Gulf Coast. Most of the previous work on Frio 
diagenesis in the upper Gulf Coast has been on cores from the Pleasant Bayou 
geothermal wells in Brazoria County Texas (Land and Milliken, 1981; Sullivan and 
McBride (1991) which are not immediately adjacent to a salt dome. Analcime has been 
documented as an early diagenetic mineral in Frio sediment in South Texas 
(McManhon, 1989) which are significantly enriched in volcanic lithic fragments with 
respect to the upper Gulf Coast Frio sediments (Linquist, 1977; Loucks et al., 1984, 
Morton and Land, 1987).
The precipitation of analcime requires a fluid enriched in dissolved Na, Al, and Si. 
Potential sources for these cations include the smectite to illite transformation, 
dissolution of unstable framework grains including feldspars and volcanic lithic 
fragments and the dissolution of salt.
Although the smectite to illite transformation may contribute some Na to these 
solutions, the dissolution of salt is by far the primary source of Na. This is supported 
by the regional variations in pore fluid salinities in South Louisiana which increases 
towards salt domes (Hanor et al., 1986; Bennet and Hanor, 1987; Bray and Hanor,
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1990). This spatial variation in salinities is consistent with pore fluid trends at West 
Hackberry.
The smectite to illite transformation in more deeply buried shales is a possible silica 
source but is an aluminum sink.
The alteration of unstable framework grains, principally potassium feldspars, both 
in volcanic lithicfragments and as sand/silt size detrital grains, seems to be the most 
likely source for both A1 and Si required for analcime precipitation. Although some 
volcanic lithic fragments most certainly were altered after analcime cementation (Fig. 
4.14) the existence of oversized pores with outlines of precursor framework grains 
suggest some dissolution occurred syn-analcime precipitation (Fig. 4.15). Although 
this textural evidence suggest framework grain alteration/dissolution has occurred it 
does not seem to be a volumetrically important reaction within these shallow sands, 
where volcanic lithic fragments make up less than 10 percent of the rock and most have 
altered insitu to quartz, analcime, K-feldspar and chlorite. In addition the relative 
increase in feldspar content of analcime rich sediments suggests in situ feldspar 
dissolution is not a volumetrically important reaction. It is likely that more extensive 
framework grain reactions occur at higher temperatures and salinities or within the finer 
grain mudstones. Additional, quantitative petrographic data from whole core might 
help constrain the ultimate source for Si and Al. Dissolution of potassium feldspar is 
also a potential source for heavy metals, Fe and Ba, required for late stage pyrite and 
barite (Sverjensky, 1984).
Possible Equilibrium Between Present Day Pore Fluids And Authigenic Mineral 
Assemblage
The relative degree of equilibrium between present day pore fluids and late stage 
authigenic minerals can be evaluated by plotting the composition of the pore fluids on
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activity-activity diagrams (Garrels and Christ, 1965; Merino, 1975). This requires an 
accurate and complete brine analysis as well as thermodynamic data for the minerals of 
interest. The composition of pore fluids reported in Schmidt (1973) are an important 
contribution to understanding relative differences in fluid composition in 
hydropressured sands and geopressured shales but does not include concentrations of 
silica, aluminum, iron, or pH required for thermodynamic evaluation. Although silica 
concentration is generally calculated assuming quartz saturation this may not be a valid 
assumption in evaluating analcime stability which plots below the quartz saturation line 
in Fig. 4.21. In addition, thermodynamic data available for zeolites and clay minerals 
is generally for stochiometric mineral compositions. The analcime at West Hackberry 
is enriched in silica with respect to stochiometric analcime. An increase in silica content 
expands the analcime stability field (Wise, 1984)
A late stage of analcime precipitation is consistent with textural evidence as well as 
with general thermodynamic considerations. The activity-activity diagrams in Fig.4.21 
show that the analcime stability field expands with increasing temperature. An estimate 
of sodium activity of the Hackberry brines was calculated. Ionic strength was 
calculated using Lewis and Randall (1921) equation (Appendix 13). Activity 
coefficients were calculated using standard Debye-Huckel equation with Truesdall- 
Jones (1974) approximations (Nordstrom and Munoz, 1985)(Appendix 13). Results 
show ionic strength varies from 2 to 3.3 and sodium activities at 75° C range from 1.5 
to 3.45 and average 2.0. At 75° C a minimum log ClNa+/ClH+ = 6.71,and thus a 
minimum pH = 6.5, is required for Hackberry brines to plot within the analcime 
stability field. Reported pH values for South Louisiana brines range from 3 to 8.5 and 
average around 7. These values are thought to be relatively inaccurate due to effects of 
degassing during sampling (Hanor, 1984). In situ values are calculated to be 1 to 2 pH 
units lower. A higher pH would favor supersaturation with respect to analcime. An
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increase in pH due to aluminosilicate hydration reactions would drive the fluid into the 
analcime stability field. An increase in temperature and salinity promotes alteration of 
detrital aluminosilicates. A burial origin for analcime is consistent with these 
considerations.
Summary
The composition of pore fluids in Tertiary sediments of South Louisiana is the result 
of salt dissolution, fluid-rock interactions and hydrocarbon maturation, migration and 
degradation. Sands at West Hackberry are oil, gas and condensate reservoirs.
Sodium chloride composition of pore fluids in South Louisiana increases with 
increasing depth and towards salt domes suggesting dissolution of salt is the primary 
mechanism for the origin of brines. The dissolution of salt is the primary source for 
sodium required for analcime precipitation. In addition the increase in NaCl increases 
the solubility of silicates which must be the ultimate source for silica and aluminum.
The specific mineral reactions which supply Si^+ and Al^+ to pore fluids is not 
apparent in these sediments. Although there is alteration of volcanic lithic fragments, 
the silica and aluminum released is probably consumed in the precipitation of the 
analcime, quartz, feldspar and clays which fill the original framework grain pore space. 
In addition, there is no textural evidence for feldspar alteration or clay mineral reactions 
in the sands. The presence of massive analcime cementation in the sands therefore 
requires an extraformational source of silica and aluminum. The most likely source is 
clay mineral reactions and the dissolution of feldspars in the underlying Oligocene 
shales. The alteration of smectite to illite and dissolution of calcium rich plagioclase in 
geopressured shales has been proposed to account for the increase Si, Al, Ca, Rb, Li, 
and 8 ^ 0  in Tertiaiy brines in South Louisiana and the Texas Gulf Coast (Stoessel and
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Moore, 1985; Morton and Land, 1987) and the source for components of alumino 
silicate cements, especially albite and quartz (Boles, 1978).
The abundance of analcime in lithic fragment rich sands at West Hackberry is more 
likely the result of timing of migration of analcime saturated pore fluids through the 
sediments than the presence of unstable volcanic lithic fragments. Porosity in 
quartzofeldspathic sands was decreased early by calcite cementation, inhibiting the 
migration of pore fluids. This is supported by the presence of analcime filling fractures 
and replacing calcite cements in the quartzofeldspathic sands. The presence of analcime 
is thus a function of sediment composition, temperature and fluid composition.
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Whereas calcite and sulfide cements have been previously documented by 
other workers in shallow cap rock above salt domes, recent studies in the 
Louisiana Gulf Coast demonstrate the presence of additional pervasive 
carbonate and sulfide cements in deep sedimentary strata along the margins of 
some salt domes. Miocene sediments along the southwest flank of the West 
Hackberry salt dome in southwest Louisiana, for example, are cemented by 
calcite, pyrite and pyrrhotite over the depth range of 1.4 to 2.1 km. Textural 
evidence indicates the sands were initially cemented by calcite and then by iron 
sulfides which aggressively replaced both calcite cement and silicate framework 
grains. Carbon isotopic composition of the calcites document derivation from a 
methane reservoir. Strontium isotopic data suggest the calcite precipitated 
during burial and is not derived directly from Miocene sea water or coeval 
carbonates. The spatial distribution of the calcite cements can be determined by 
the high resistivity response of these zones on geophysical logs. The relative 
thickness of cemented sands decreases away from the dome, and the cement 
occurs preferentially in the basal portion of individual sand units in more 
sparsely cemented sequences. The systematic distribution of cemented sands 
with respect to the salt diapir suggests the presence of this structure may have 
controlled paleohydrology and thus the cementation patterns.
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1. Introduction
Increasing attention is being paid to the role that salt domes play as the locus for 
the transport of heat, fluids, and solutes in the subsurface. Of particular interest in 
problems of burial diagenesis are the complex suites of chemical reactions 
apparently induced or enhanced by the presence of salt, diapirs, and most completely 
documented through the study of the formation of cap rock (e.g., Kyle et al., 1987;
Seni, 1987; Posey et al., 1987; Sassen, 1987; and papers in this volume). The 
purpose of this paper is to bring attention to a less well known aspect of diagenesis 
related to the presence of salt diapirs: the formation of pervasively-cemented zones 
at depth in ambient clastic sequences.
Our study was initially motivated by the idea that the dissolution of salt, which 
is known to occur in the vicinity of some salt domes (Bennett and Hanor, 1987;
Hanor, 1987), could induce sediment diagenesis through: 1) the continual pumping 
of high concentrations of dissolved NaCl into surrounding pore waters and 
sediments; and 2) the driving of large-scale and dynamic fluid overturn through the 
generation of dense fluids at shallow depths (Hanor, 1987; Ranganathan and 
Hanor, 1988). During the course of our work we have found evidence for the 
existence of massive areas of carbonate and sulfide cementation around the margins 
of some salt domes. In this paper we present the preliminary results of an 
investigation of the mineralogy, geochemistry, paragenesis, spatial distribution, 
and origin of cements in Lower Miocene sands in the vicinity of the West 
Hackberry dome, Cameron Parish, Louisiana.
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2. Geologic Setting
The West Hackberry salt dome is an elongate, shallow piercement dome which 
intrudes Tertiary and older sediments. The dome is located in north-central 
Cameron Parish, Southwest Louisiana and constitutes the western half of a larger, 
16-km long salt ridge (Fig. 5.1). Ground elevation in the area is a few meters 
above mean sea level (msl). Caprock consisting of calcite, anhydrite, and pyrite 
(Howe and McQuirt, 1935) is developed on top of the dome and extends to an 
elevation of -600 m (msl). The top of salt occurs at an elevation of -700 m (msl). 
Although the upper surface of the salt dome is flat, solution channels and cavities at 
the top of salt have been reported (Taylor, 1938). Mineralogical analyses of the salt 
stock indicate that it is composed of 95% halite, 4% anhydrite, and <1% dolomite 
and quartz (Taylor, 1938). The Miocene inner shelf to fluvial-deltaic sedimentary 
sequences (Fig.5.2) thin toward the dome (Fig. 5.3) due to either lack of deposition 
or subsequent erosion over the dome . The Miocene section is also cut by normal 
faults which radiate from the dome, indicating that salt movement continued after 
deposition. The present study is confined to the southwest flank of the dome.
3. Techniques
The sources of data used to characterize the nature of sediment diagenesis in the 
vicinity of the West Hackberry dome are: 1) cuttings collected specifically for this 
project during recent drilling of two development wells, 2) side wall cores, and 3) 
geophysical logs for these two boreholes and other exploration/development wells 
drilled in the immediate area. No drill core is available.
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Fig. 5.3. C ross sec tion  A -A ', show ing  s truc tu re  o f  sed im en ts  in  the v ic in ity  o f  
the W est H ackberry dom e. C em ented zones are characterized by a  h igh resistivity  
response on  the electric logs. Cem ents are generally restricted  to the low er m ost 
M iocene sands.The rela tive proportion  o f  cem ent w ithin the B lo ck  sand  
stratigraphic interval is quantified  by defining %  = (thickness o f  cem ented  sand/to tal 
sa n d  th ickness) X 100. T he  rela tive proportion  o f  cem en t decreases fr o m  8 8 %  (B. 
V incen t 16) to 6 %  (B. V incen t 11) over a  d istance o f 650  m.
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The cuttings were collected approximately every 9 m. Cuttings with drilling 
mud still included were washed with water on a 63 micrometer wire sieve and air 
dried. Three subsamples were split from each sample. One split was impregnated, 
sectioned, and examined under the petrographic microscope through transmitted and 
reflected light. One aliquot was ground and analyzed by XRD. Grains from the 
remaining split were mounted and examined with the SEM. Cemented cuttings 
were picked from the bulk sample and analysed for C,0, and Sr isotopic 
composition by standard methods.
The cemented zones at West Hackberry are characterized by high resistivity 
values on borehole geophysical logs (Figs. 5.2 and 5.3). Whereas the background 
short normal resistivities of uncemented sands are typically 1.0 ohm-m, the 
resistivities of cemented zones are typically in excess of 11.0 ohm-m. The 
resistivity response is similar in appearance to high-resistivity hydrocarbon kicks. 
That these high resistivity zones represent cemented layers and not hydrocarbons is 
confirmed by the distribution of cemented sand in cuttings and by neutron-density 
logs that indicate the zones have a high resistivity, but low porosity. The logs are 
of particular value because they provide greater depth and spatial coverage than the 
cuttings and sidewall cores
alone. In addition, useful information on fluid pressure, temperature, and salinity 
can be extracted from these logs.
4. Results
Lower Miocene sands at West Hackberry are poorly-sorted, fine to coarse 
grained, subarkose to sublitharenite. Quartz is the dominant mineral and makes up 
greater than 50% of most samples. The quartz is commonly monocrystalline with
unit extinction, but fine grained, polycrystalline, vein quartz and metamorphic- 
derived quartz with undulose extinction also occur. Feldspars, including 
plagioclase, microcline, and orthoclase are subangular to angular and relatively 
unaltered in cuttings from West Hackberry. Kaolinite after plagioclase and 
dissolution of plagioclase, however, have been documented in sidewall core 
samples from the same stratigraphic units along the eastern flank of the Black 
Bayou salt dome located 12 km west of this study area (Leger, 1988). Rock 
fragments at West Hackberry are dominantly sedimentary in origin and include 
carbonates, microcrystalline quartz, chert, mudstone, and siltstone.
Carbonates and iron sulfides occlude primary porosity and replace framework 
grains to form the dominant authigenic components of the Miocene sediments.The 
spatial distribution of massively-cemented sands off the southwest flank of the 
dome is shown in Fig. 5.3. Cementation is restricted to the lowermost Miocene 
sequence, known locally as the Block sands. These sands are characterized by a 
scarcity of fauna and lie below the Amphistegina B marker and above the Oligocene 
Anahuac shales (Fig. 5.2). Carbonate cementation decreases within the lower 
Miocene sands with increasing distance from the dome (Fig. 5.3). Carbonate 
cementation within individual sand units also decreases away from the dome and 
generally is restricted to the base of the unit.
The dominant authigenic cement in the Lower Miocene sands is nonferroan, 
low magnesium, poikilotopic to blocky calcite (Fig. 5.4a &b). Bladed isopachous 
calcite and micrite cements occur as well but are relatively rare (Fig. 5.4c). 
Nonferroan calcite cements also dominate the Black Bayou section (Stuart, 1970; 
Leger, 1988). Calcite fills primary pores, replaces framework grains, and predates 
sulfide mineralization (Figs. 5.4 a,b and c). Poikilotopic to blocky calcite is 
generally untwinned and uniform in composition with respect to trace element
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Fig. 5.4. P hotom icrographs show ing  ca lcite  tex tures fr o m  the low er  
M iocene  sands a t W est H ackberry. C uttings are im pregnated  w ith  epoxy (E ).a. 
T ransm itted  light photom icrograph o f  poikilotopic, nonferroan calcite cem ent (C) 
w hich  is replacing fra m ew o rk  grains as evidenced by the highly serra ted  grain- 
cem en t boundaries (arrow ). Sam ple depth  1.8 km , horizon ta l f ie ld  o f  v iew  1.3  
m m . b. SE M  backscatter im age o f  calcite cem ent (ligh t gray) fillin g  p o res  and  
replacing fra m ew o rk  grains (dark gray) as evidenced by the highly irregular and
angular gra in  shapes. Sam ple depth  1.8 km, scale bar 100 p m .
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Fig. 5.4 c. T ra n sm itted  lig h t pho tom icrograph  o f  b la d ed  ca lc ite  (B ) a n d  p o re  
f i l l in g  m icrite  cem en t (M ). Sam ple depth  1.8 km , horizon ta l f ie ld  o f  v iew  1.3 m m .
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composition, no zoning is apparent in backscatter images, or with respect to 
isotopic composition. The carbon isotopic composition of calcite averages -36.3 
°/ooPDB (Table 5.1). The calcite is significantly depleted in 13C with respect to 
other calcite cements within the Gulf Coast Tertiary, which range from -2 to -14 
°/oo PDB (Land et al., 1987; Fisher and Land, 1986) but is similar to the isotopic 
composition of calcite cap rock, which ranges from -22 to -53 % o (Feely and 
Kulp, 1957; Posey et al., 1987). Strontium isotopic ratios range from .70764 to 
.70790 and the average is .70782. The calcite is depleted in radiogenic strontium 
with respect to Miocene seawater, for which ratios range from .70825 to .70890 
(Burke et al., 1982) but is similar to Pal eocene to Oligocene seawater compostion, 
for which ratios range from .70760 to .70780 (Burke et al., 1982).
Authigenic pyrite is the dominant sulfide within the lower Miocene section. It 
represents from less than 1% to 10% of the bulk sample, and is present throughout 
the section. Pyrite occurs as euhedral to subhedral cubes filling intergranular pores 
(Fig. 5.5a) and as anhedral masses filling pores and replacing framework grains 
(Fig.5.5b). Sulfide mineralization occurred after calcite cementation, because it 
embays earlier calcite cement (Fig.5.5b), and fills fractures in framework grains 
(Fig. 5.5 c&d). Crushing of sand grains during burial or during emplacement of 
salt results from stress concentration at points of grain contact (Gallagher et al., 
1974; Wiltschko, 1982). The floating fabric pyrite cemented samples now exhibit 
must have resulted from aggressive dissolution by the sulfide-precipitating fluids 
(Fig. 5.5 c and d). This aggresive replacement is further reflected by the silicate 
"ghosts" present throughout the samples (Fig. 5.5e).
Pyrrhotite is a minor phase and consists of euhedral, monoclinic, 
pseudohexagonal plates or rosettes which average 0.07 mm in diameter (Fig.5.6). 
The monoclinic structure of this pyrrhotite was determined both by its ferrimagnetic
Table 5.1 Iso top ic  com position  o f  ca lcite  cem ents L o w er  M iocene  sandstones, 








14 1579 -38.53 ± 0.03 -6.46 ± 0.04 .70764 ± 0.00002
14 1716 -40.26 ± 0.08 -5.87 ± 0.04
14 1792 -36.93 ± 0.07 -6.26 + 0.05 .70790 ± 0.00004
14 1835 -38.60 ± 0.07 -6.85 ± 0.06 .70790 ± 0.00002
15 1707 -40.47 ± 0.02 -6.01 ± 0.06
15 1707 -38.18 + 0.11 -6.08 ± 0.06
15 1798 -21.28 ±0.05 -5.34 ± 0.09 .70782 ± 0.00005
Fig. 5.5. P hotom icrographs show ing au th igen ic  iron su lfide  textures in the  
L o w er M iocene sands a t W est H ackberry. Cuttings are im pregnated  w ith epoxy  
(E). a) S E M  photom icrograph show ing inter granu lar euhedral pyrite  cement, 
sam ple  depth  1.6 km , scale bar equals 100 pm . b) T ransm itted  ligh t 
photom icrograph  show ing m assive pyrite  (P) em baying fra m e w o rk  gra ins (G ) and  
earlier  ca lcite  cem ent (C). Sam ple depth  1 .77  km, horizon ta l f ie ld  o f  v iew  1.3m m .
Fig. 5.5 c) S E M  b acksca tter  im age show ing  ex tensiona l fra c tu re s  in fra m e w o rk  
gra ins (dark gray) f i l le d  w ith pyrite  (white) with essentia lly  no grain  to grain  
contacts. Sam ple  dep th  1 .7  km, b a r  sca le  100 p m . d) R eflec ted  ligh t 
photom icrograph show ing through going fra c tu re  o f  severa l silicate grains (dark  
gray) f i l le d  w ith  pyrite  (white). Through going fra c tu res  typically connect original 
g ra in  contacts (W iltschko  a n d  Su tton ,1982) Sam ple dep th  1 .7  km , horizonta l f ie ld  




Fig. 5.5 ej R eflec ted  ligh t pho tom icrograph  show ing  rem nan ts o f  silica te  
fra m e w o rk  gra in  (dark gray) in pyrite  m atrix  (w hite). Sam ple  depth  1.8 km, 
horizon ta l f ie ld  o f  v iew  0.26m m .
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Fig. 5.6. SE M  pho tom icrograph  show ing  euhedra l rosette  o f  p seudohexagona l 
pyrrho tite . Sam ple depth  1 .7  km, sca le bar equals 100  p m .
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character and by the presence of a doublet peak at the location of 102 reflection, as 
opposed to the presence of the single peak of the hexagonal polymorph. In 
addition, calculations from powder x-ray diffractograms indicate the pyrrhotite has a 
composition range of 46.2 to 46.5 wt %  Fe. These iron values lie within the 
expected values for monoclinic pyrrhotite solid solutions (Kullerud, 1986).
In situ temperatures were calculated from bottom hole measurements recorded 
on electric log headings by correcting for the cooling effects of drilling fluid 
circulation using the method of Kehle (1971) and assuming a linear temperature 
gradient. Isotherms are deflected upward toward the dome (Fig. 5.7) reflecting a 
thermal high associated with the salt structure due to the higher conductivity of salt 
with respect to the surrounding sediment and possibly the influx of hot deep basinal 
fluids up the flank of the dome. The cemented lower Miocene sands currently are 
within the temperature range of 65 to 75° C and are at their maximum burial depth 
and therefore at their highest temperature.
5. Discussion and conclusions
The diagenesis of lower Miocene sands at West Hackberry is related to 
the presence of the adjacent salt diapir, as evidenced by the systematic spatial 
distribution of cemented sands with respect to the salt diapir. Although the exact 
mechanisms and timing of mineralization have not yet been ascertained, the 
systematic distribution of cements in sands may reflect in someway a past or the 
present pore fluid flow regime in the vicinity of the dome. Complex flow patterns 
have been inferred along the flanks of other salt domes (Bennet and Hanor, 1987; 
Hanor, 1987) and appear to be closely coupled to cap rock formation and 
mineralization (Ulrich et al., 1984; Kyle and Price, 1986). The restriction of calcite 











Fig. 5.7. C ross sec tion  show ing  p o s itio n  o f  iso therm s in  the v ic in ity  o f  the W est 
H ackberry dom e as ca lcu la ted from  bottom  hole tem peratures recorded  on log 
headings, assum ing a  linear tem perature gradient in each w ell and  correcting fo r  the  
cooling effects o f  drilling f lu id  circulation.
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abundance within individual sands suggest a relation between fluid flow paths and 
the direction of mass transport. That pore fluid migration may be responsible for 
cement distribution will be further tested by results of work in progress on the 
geochemical, hydrologic, and structural setting at West Hackberry.
The uniform composition of calcite cementing the Lower Miocene sands 
suggests precipitation from large homogeneous reservoirs of carbon and strontium. 
Methane is the only carbon source with a sufficiently depleted isotopic composition 
(Stahl, 1979) to account for the values observed for the calcite (-21.28 to -40.37 
°/oo PDB). Possible sources for methane at West Hackberry are shallow, early- 
burial, biogenic methane or, more likely, methane produced during the 
biodegradation of crude oil (Sassen, et al., 1988). Winters and Williams (1969) 
have shown that oil produced from the Miocene reservoirs at West Hackberry is 
highly biodegraded.
Strontium isotopic data (.70760-.70790) suggest that the carbonate was not 
derived from Miocene sea waters or coeval shales (.70825-.70890) but either from 
the underlying Paleocene to Oligocene shales (.7076-.7078) (Burke et al., 1982) 
and/or mixing of a low radiogenic solution with a more radiogenic component. 
Dissolution of Louann salt (.7067-.7072)(Land and Kupecz, 1987) is an active 
process within the Louisiana Gulf Coast (Hanor, 1987; Bennett and Hanor, 1987), 
and could produce a low radiogenic solution. Mixing with a basinal fluid enriched 
in strontium from diagenetic reactions occurring deeper in the basin i.e. smectite to 
illite transformation or dissolution of feldspars, or mixing with Miocene-derived 
fluids, could possibly produce the observed strontium composition. Large scale 
vertical mixing has been suggested as the mechanism for calcite cementation in 
Tertiary sandstones in the Gulf Coast (Land et al, 1987) to explain brine
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compositions of some Louisiana reservoirs (Posey et al., 1985) and the isotopic 
composition of calcite cap rock (Prikryl et al., 1988).
The authigenic mineral assemblage, pyrrhotite, pyrite, and calcite, within the 
sediments described in this paper is similar to that documented in salt dome cap rock 
throughout the Gulf Coast and it is possible that a similar mechanism of formation 
is operating in the two environments. In gulf coast cap rocks the presence of these 
phases has been attributed to a complex series of reactions which include the 
reduction of sulfate by sulfate reducing bacteria, the oxidation and/or bacterial 
degradation of hydrocarbons, and mixing of multiple sourced waters (Kyle et al., 
1987; Sassen, 1987; Ulrich et al., 1984; Feely and Kulp, 1957). Replacement of 
framework grains and earlier carbonate cement by iron sulfides in the lower 
Miocene sands suggest the sands also have been subjected to multiple periods of 
fluid influx, i.e. more than one phase of diagenesis. Work in progress on the 
chemistry and petrography of the authigenic minerals will provide more definitive 
information on their origin.
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CHAPTER 6. DIAGENESIS OF MIOCENE SEDIMENTS 
Introduction
The diagenesis of Lower Miocene sands at West Hackberry is documented in 
this chapter along with an evaluation of the potential processes responsible for these 
changes. The emphasis is on carbonate and sulfide mineralization which is 
volumetrically more important than silicate diagenesis in these sands. The 
alteration of framework grains is related to the sulfide and carbonate mineralization.
Mudstone Compositions
The lower Miocene sediments at West Hackberry are predominantly 
quartzofeldspathic sands with mudstones comprising less than 20 to 30% of the 
section. Mudstone cuttings were therefore not abundant enough to isolate from the 
bulk cuttings and analyze independent of the sands.
Sandstone Compositions
The well cemented Miocene sandstones at West Hackberry are, clean, well 
sorted subarkose to sublitharenites (McManus and Hanor, 1988, Chapter 5). They 
are depleted in volcanic lithic fragments and enriched in quartz with respect to the 
underlying Upper Oligocene Anahuac sands. For further description, see chapter 4 
and Appendices 3 and 7.
Silicate Diagenesis
In contrast to Oligocene sands where there is extensive silicate alteration of 
volcanic lithic fragments and precipitation of silicate cements, silicate diagenesis of 
the Miocene sands is restricted to the replacement of quartz and feldspar framework 
grains by pyrite and calcite cements (McManus and Hanor, 1988, Chapter 5). The 
dissolution of silicates is more extensive in the sulfide cemented sands described
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below where over sized pores exist and only fine remnants of the original grains are 
preserved (Fig. 5.5)(McManus and Hanor, 1988, Chapter 5). In contrast to the 
Oligocene section, no analcime or siderite cement occurs. Late siderite is present in 
the sulfide micronodules.
Carbonate Cements
Massive calcite and iron sulfide mineralization occurs in lower Miocene shallow 
marine to fluvial-deltaic sands at West Hackberry. The calcite cemented zones are 
characterized by high resistivity and suppressed spontaneous potential values on 
borehole wireline logs (Fig. 2.2). These logs thus provide greater depth and spatial 
coverage of the distribution of the cemented zones than do the cuttings alone.
The spatial distribution of the calcite cemented sands is shown in Fig. 6.1a &b.
The degree of cementation of the lower Miocene section as a whole as well as of 
individual sands within the section decreases with increasing distance from the 
dome. Details of the petrography of these cements are given by McManus and 
Hanor (1988) (see Chapter 5).
Paragenesis
It is difficult to constrain the paragenetic relation of the calcite cements with respect 
to sulfide precipitation. Textural evidence suggests that there have been at least two 
episodes of calcite precipitation, The first is an early stage which occludes porosity in 
the sandstones and apparently predates the main stage of sulfide mineralization (Fig.







Fig. 6.1 a. C ross-section  show ing  the structure  o f  sed im en ts  in  the  v ic in ity  o f  the  
W est H ackberry dom e. C em ented  zones are characterized by  a h igh resistivity  response  
on  the electric  logs. C em ents a re  generally restricted  to the low erm ost inner s h e lf  to 
f lu v ia l  delta ic sands o f  the low er M iocene. These sands conform ably overlie  a  th ick  
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Fig. 6.1 b. M ap show ing  sp a tia l d istribu tion  o f  ca lcite  cem en ted  sands.
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Fig. 6.2. T extures o fp y r i te  cem en ted  sandstones, a SE M  back-sca tter  im age  
show ing euhedral to anhedral intergranular pyrite  (white) associated w ith calcite (gray) 
cem ent. Sam ple depth  1 .7  km  (5 6 3 0 ft.) , b. A nhedra l p y r ite  (w hite) rep lacing  earlier  
ca lc ite  cem ent. Sam ple depth  1 .7  km  (5 6 3 9 ft.) .
Fig. 6.2 c. R eflec ted  ligh t pho tom icrograph  show ing  anhedra l p y r ite  (w hite) in 
close association with altered detrital ilmenite (il) grains in a  calcite cem ented sandstone. 
Sam ple  dep th  1 .7  km  (5 6 3 0 ft.) . d. SE M  back-sca tter im age show ing  rem nants o f  
detrita l quartz fra m ew o rk  grains (dark gray) in pyrite  m atrix  (white). Sam ple depth  1.6  
km  (5 240  f t .) .
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postdates the formation of sulfide micronodules and siderite precipitation, as will be 
described later. Although calcite and iron sulfides dominate the diagenetic 
assemblage at West Hackberry, minor amounts of sphalerite, galena, stibnite, and 
late stage barite also occur.
Carbon and Oxygen Isotopic Composition
The carbon isotopic composition of poikilotopic calcite cement spatially 
associated with sulfides averages -36.3 °/oo PDB (Table 5.1) (McManus and 
Hanor, 1988, see Chapter 5). These values are significantly depleted in 13C with 
respect to Miocene seawater values, which range from 0 to -2 °/oo PDB (Fig. 6.3) 
(Milliken et al., 1981). They are also depleted in 13C with respect to other deep 
calcite cements within the Gulf Coast Tertiary, which range from -14 to -2 °/oo 
PDB (Fig. 4.20)(Milliken et al., 1981; Fisher and Land, 1986; Land et al., 1987), 
but are similar to S13C values for calcite cap rock from other Gulf Coast salt domes, 
which range from -53 to -22 °/oo (Feely and Kulp, 1957; Posey et al., 1987).
Strontium isotopic ratios
The 87Sr/86Sr isotopic composition of the calcite cements is relatively constant 
with depth, and ranges from 0.70764 to 0.70790 and averages 0.70782 (Table 5.1) 
(McManus and Hanor, 1988).
Trace elements
The Mn/Fe ratio in calcite ranges from 0.5 to 2.3 and averages 1.45. There are 
no significant trends in the trace element composition with depth (Fig. 6.4, 
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F ig . 6.5. D istribu tion  p a tte rn  f o r  de l values o f  hydrocarbon reservo irs (a fter  
F uex, 1977; M iocene data  fr o m  R ice, 1980).
with an average concentration of 230 ppm (Appendix 5). The relative trace element 
composition of calcite depends on the physiochemical conditions of pore fluids at 
the time of precipitation, especially Eh-pH (Hem, 1972, Stumm and Morgan, 
1970,), the total iron (Fe^+ + Fe^+), manganese (Mn^+ + Mn^+) and strontium 
concentration of the pore fluids and their individual fractionation factors, which 
vary as a function of temperature and precipitation rate (Veizer, 1983). Clay 
minerals and iron oxides in interbedded or underlying shales are likely sources for 
iron and manganese in the calcites. The reduction of Fe^+ and Mn^+ to Fe^+ and 
Mn^+ is required for Fe and Mn to be incorporated into the calcite lattice. The 
Mn/Fe composition of these calcites suggest they were precipitated under relatively 
reducing conditions from a relatively homogeneous reservoir. The source of 
strontium is discussed in more detail below.
Sources of carbon
Methane is the only carbon source having a sufficiently light isotopic 
composition to account for the observed 513C values of -40.37 to -21.28 °/oo PDB 
in the carbonate
cements (Fig. 6.5) (Stahl, 1974,1979; Fuex; 1977; McManus and Hanor,.1988). 
Possible sources of methane at West Hackberry are: 1) shallow, early-burial, 
biogenic methane; 2) methane produced during the biodegradation of crude oil; and 
3) thermogenic methane produced during abiogenic thermal cracking of kerogen 
and oil in the subsurface. In general, methane produced by early bacterial 
degradation of organic matter is more depleted in 1 than thermogenic gas and 
typically has 5 ^ C  values ranging from -58 to -88 °/oo (Fig. 6.5) (Stahl, 1974; 
Fuex, 1977). Gas generated concurrently with oil generation is characterized by 
5l3C values of -58 to -40 °/oo. Dry gas generated by thermal cracking of 
overcooked source rocks, i.e. after generation of oil and wet gas has ceased, is
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characterized by S ^ C  values ranging from -40 to -25 %x>. The values for the 
calcite cements at West Hackberry are consistent with values reported for Miocene 
gas reservoirs in the Gulf Coast (Rice, 1980) as well as with values reported for 
thermogenic gas in general (Fig. 6.5). Methane produced during the 
biodegradation of crude oil can not be entirely ruled out as a potential carbon source 
for these calcites on the basis of our existing data, although one would expect to 
find a wider range of 8^ C  values recorded in the cements as a result of progessive 
removal of light C during bacterial fractionation. Regardless of the origin of the 
methane, its subsequent oxidation is a main source for bicarbonate required for 
precipitation of the calcite.
Sources of calcium and strontium
There are three potential sources for calcium in the calcite cements in the lower 
Miocene sands, calcium produced by: 1) the dissolution of anhydrite in the adjacent 
salt stock; 2) the dissolution of calcites in underlying Oligocene shales; and 3) the 
diagenetic alteration of silicates, e.g., albitization of Ca-plagioclase. Here, the Sr 
isotopic composition of the cements provide some constraints on the origin of both 
the Sr and the Ca.
The calcite is depleted in radiogenic strontium with respect to Miocene seawater, 
for which ratios range from .70825 to .70890 (Koepnick et al., 1988) and with respect 
to measured values of .70825 to .70960 for pore fluids in Tertiary sediments of South 
Louisiana (Posey et al., 1985). The values are similar, however, to Paleocene to 
Oligocene seawater compositions, for which values range from .70760 to .70780 
(Koepnick et al., 1988; Burke, 1982) and to values for bulk rock samples from Gulf 
Coast salt domes (Land et al., 1988). The Sr isotopic composition of the cements is
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Fig. 6.6. D istribu tion  o f  iron  su lfides and  ca lcite  w ith  dep th  in  w ell B . V incen t 14. 
R esu lts are reported  in p ercen t o f  bulk cuttings determ ined  fro m  p o w d er  X -R ay  
diffraction analysis. N o te  d istinct zones o f  su lfide and  calcite enrichm ent in the low er  
M iocene section. A lthough  w eight % calcite ca lcu la ted  fr o m  X R D  analysis is high w ith  
repect to actual values the general relative trends are accurate. The zones o f  high calcite  
enrichm ent are  consisten t w ith  the occurrence o f  low  porosity  zones on  geophysica l 
logs.
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F i g .  6 . 7 .  SE M  backsca tter im age p y r ite  cem en ted  sandstone . Sam p le  dep th  1 .9  km . 
Sca le  bar = 100 pm .
thus consistent with either a marine Oligocene-Paleocene source or a Louann 
evaporite source. The nonradiogenic nature of the strontium in the calcites 
suggests there has not been a significant contribution from either feldspar 
dissolution or clay mineral diagenesis.
Although dissolution of Oligocene-Paleocene marine carbonates could account 
for the Sr isotopic and trace element concentration of the Miocene cements, the 
extremely depleted S13C values for the cements, as noted above, suggests that the 
mobilization of skeletal carbonates in the underlying shales or sands has not been a 
significant source for CO3 in the lower Miocene sands. In addition, there is no 
evidence for pervasive dissolution of carbonate in the underlying Oligocene 
sediments in samples examined in this study. Either the Louann is the most 
important source of Ca and Sr in the carbonate cements or the carbon signature 
from a possible underlying Oligocene carbonate source was modified by and 
additional carbon source having a 813C composition significantly lighter than 
-40 °/oo.
Distribution and Composition of Iron Sulfides
Although iron sulfides occur throughout the lower Miocene-upper Oligocene 
section, distinct zones of sulfide enrichment occur at the base of massive calcite 
cemented sands of the lower Miocene section (Fig. 6.6). The sulfides occur in two 
texturally distinct types: 1) euhedral to massive cements in sandstones and 2) 
sulfide micro-nodules containing silt-sized clastic grains.
Iron Sulfide Cements in Sands
Pyrite and marcasite are the dominant authigenic sulfides found in the cemented 
sandstones, and often occur in association with the calcite cements (Fig. 6.2 and
6.7). These FeS2 polymorphs occur both as euhedral crystals and as anhedral 
masses filling pores and replacing framework grains. Pyrite replaces silicate 
framework grains, fills fractures, and is sometimes closely associated with altered 
detrital ilmenite grains (Fig. 6.2 and 5.5)(McManus and Hanor, 1988, Chapter 6). 
Marcasite often predates pyrite, in contrast to the paragenetic sequence described 
below for the micronodules (Fig.6.8).
Sulfide Micronodules
In addition to the pyrite and marcasite cements, iron sulfides also occur in 
magnetic micro-nodules. These nodules range in size up to 2 mm in diameter and 
consist of pyrrhotite, pyrite, marcasite, magnetite, siderite with minor calcite, and 
trace amounts of sphalerite, galena, and stibnite. Ferrimagnetic, monoclinic 
pyrrhotite with an average composition of Fe7Ss occurs as irregular discontinuous 
masses in the cores of these micronodules (Fig. 6.9). The monoclinic pyrrhotite 
cores are partially altered to pyrite and magnetite. Magnetite is often present at the 
pyrite-pyrrhotite boundary. The pyrite in the micronodules is generally anhedral to 
euhedral and, in contrast to the pyrite in the cemented sandstones, contains 
numerous intragranular pores. Marcasite occurs as a replacement of pyrite, as rims 
around the nodules, and as euhedral crystals (Fig. 6.9). Intrasulfide pore space has 
subsequently been filled in most cases with siderite, which is occasionally followed 
by brightly luminescent calcite (Fig. 6.9).
Both the sulfide cements and sulfide nodules are found in the same samples of 
cuttings. The nodules, however, contain only silt size silicate mineral grains. The 
pyrrhotite does not cement sand size grains. It is possible, therefore, that the 
nodules are restricted in occurrence to silt or clay beds intercalated within the
F ig . 6 .8 . Textures in m arcasite  and  p yr ite  cem en ted  sandstones. R e flec ted  ligh t  
photom icrograph with partia lly  uncross polarizer show ing radiating m arcasite (me) 
pred a tin g  euhedra l p yr ite  (py). Sam ple depth  1 .7  km  (5 6 3 0 ft.) .
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Fig. 6.9. Textures and  com position  o f  su lfide  m icronodules.. P yrrho tite  core (Po) 
w ith  irregular boundaries intergrow n with FeS2 m inerals, pyrite  (py) and  m arcasite  
(m e) as w ell as m agnetite (mt), siderite (sid) and  calcite (cal). E longate pyrrhotite  
blades are peripherially  rep laced  by pyrite  and  magnetite, a. Pyrrhotite, pyrite, 
m agnetite , a n d  m arcasite . Sam ple depth  1.76 km  (5 7 8 0 ft.) , b. P yrrho tite , p yr ite  and  





Fig. 6.9. c. P yrrho tite , p y r ite  a n d  m arcasite . Sam p le  d ep th  1 .9  km  (6 2 2 0 f t .) .  
d. P o-M t-P y. Sam p le  dep th  1 .9  km  (6 2 2 0 ft.) .
1 5 0
Fig. 6.9. e. E uhedra l m arcasite . Sam ple  d ep th  1 .76  km  (5 7 8 0 ft .) .
Fig. 6.9. f. P orous p y r ite  + p o + m t. Sam ple  dep th  1 .79  km  (5880  f t .) , g. 
P o ro u s p y r ite  surrounded  by m arcasite . Sam ple dep th  1 .79  km  (5 8 8 0 ft.) .
Fig. 6.9. h. Su lfide  m icro -nodu le  w ith  pyrrho tite , m agnetite , p y r ite  and  
siderite . Sam ple dep th  1 .79  km . i. C lose up o f  h.
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Fig. 6.9. j. P yrite , siderite , a n d  calcite . Sam ple  dep th  1 .9  km  (6220 f t .) .
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dominantly sandy lower Miocene sequence. There is no way of ascertaining at the 
present the relative timing of the precipitation of the sulfide micronodules and the 
sulfide in the cemented sands.
Sulfur Isotopes
Samples of pyrite and marcasite cemented sands were collected for sulfur 
isotopic analysis. Any grains having magnetic properties, which would have 
included samples containing monoclinic pyrrhotite and magnetite, were not 
analyzed. The 834S values reported as pyrite here may in fact represent mixtures of 
pyrite and marcasite. This should not pose a problem in interpretation, however, 
because the relative abundance of marcasite in these samples is generally small and 
because there is little isotopic fractionation between pyrite and marcasite (Kyle and 
Agee, 1988).
Sulfur isotopic composition of the iron disulfides ranges from +11.0 to 
14.8 °/oo CDT (McManus and Hanor, 1989). These sulfur values are just slightly 
depleted in 34S with respect to anhydrites from Gulf Coast salt domes, which have 
a 834S value o f+16 %x> CDT ( Feely and Kulp, 1957; Kyle and Price, 1986). 
There is no significant trend in 834S with depth, suggesting precipitation from a 
large, isotopically-homogeneous reservoir of sulfur (Fig. 6.10). This contrasts with 
iron sulfides in salt dome cap rock at the Hockley Dome in Texas (Kyle and Agee, 
1988) and deposits associated with oil and gas reservoirs at Cement Field in 
Oklahoma (Reynolds et al., 1987), which have a wide range in isotopic 
composition (Fig. 6.11).
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F ig . 6.11. P ro file  o f  d e l 34  S  va lues o f  p y r ite  p lo tte d  versus d ep th  b e lo w  m sl  
com paring the values f o r  the W est H ackberry deposits w ith  those o f  genetica lly  rela ted  
deposits  a t C em en t f ie ld  in O klahom a (R eynolds e t al., 1987) a n d  a t  H ockley  dom e  
T exas (K yle  a n d  A g e e , 1988).
Sulfur reservoirs
Potential sources of reduced sulfur at West Hackberry include sulfur produced 
by: 1) the thermal cleavage of organic sulfur compounds during the maturation or 
degradation of organic matter; 2) externally sourced H2S from underlying 
hydrocarbon reservoirs; and 3) the local reduction of aqueous sulfate derived from 
the dissolution of Louann anhydrite by either bacterially mediated hydrocarbon- 
sulfate redox reactions or inorganic, thermochemical, hydrocarbon-sulfate redox 
reactions (Qrr, 1974; 1977; Trudinger, 1985; Ohmoto and Rye, 1979).
Sulfur from hydrocarbons
Although reduced sulfur from the decomposition of organic compounds may be 
a minor component of the sulfur reservoir at West Hackberry it cannot account for 
the observed isotopic values of the sulfides. In general the sulfur isotopic 
composition of hydrocarbons is assumed to be 15 ± 5 °/oo depleted in 34S with 
respect to the sulfate in their source rocks. Therefore, Mesozoic and Tertiary 
sourced oils in the Gulf Coast should have sulfur isotopic compositions ranging 
from -8 to +10 °/oo (Fig. 6.12) (Claypool et al., 1980, Krouse, 1977; Orr, 1974, 
1977). These values are much lower than those observed for sulfides at West 
Hackberry. In addition, hydrocarbons from Tertiary reservoirs in the Gulf Coast 
generally contain less than 0.4 weight percent sulfur (Walters and Cassa, 1985).
Sulfur from salt dome dissolution
A more probable source of sulfur is sulfate derived from the dissolution the salt 
domes. Although anyhdrite is only moderately soluble in fresh water and thus 
accumulates as a lag in shallow cap rock environments, its solubility increases by 
an order of magnitude in highly saline waters (Harvie and Weare, 1978) The S34S 
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Fig. 6.12. D istr ibu tion  p a tte rn  f o r  de l 34  s  va lues o f  H 2S  a n d  su lfide  m inera ls  
w hen su lfa te  o f  d e f i4S  = + 16°Ioo is reduced  by various m echanism s (a fter O hom oto  
a n d  R ye , 1979).
Jurassic seawater source (Claypool et al., 1980; Feely and Kulp, 1957; Posey et 
al., 1987; Kyle and Price, 1986). Ambient brines at West Hackberry are low in 
aqueous sulfate (Schmidt, 1973)(Appendices 12 and 14) suggesting that any sulfate 
that may be added to the pore water system during dissolution of salt dome 
anhydrite is rapidly reduced. The similarity in isotopic values between Louann 
anhydrite and the iron sulfide cements suggests that very little fractionation occurred 
during the reduction of aqueous sulfate.
Bacterial sulfate reduction
Bacterial sulfate reduction in a system open to both sulfate and sulfide can not 
account for the values observed in the lower Miocene sands at West Hackberry 
(Fig. 6.12). Sulfur isotopic fractionation between sulfate and reduced sulfide 
(A scm-H2S) by bacterial reduction in an open system averages -40 °/oo but may 
range from less than -80 °/oo to -15 °/oo depending on the metabolic rate of 
reduction (Ohmoto and Rye, 1979; Orr 1977). If an initial sulfate composition of 
+16 °/oo (Louann sulfate) is assumed the heaviest sulfide produced by bacterial 
sulfate reduction would have an isotopic composition of 0 °/oo (Fig. 6.12)
(Ohmoto and Rye, 1979). This value is more than 1 l°/oo lower than those 
observed at West Hackberry.
Heavy sulfide can be produced by bacterial sulfate reduction if it occurs in a 
system closed with respect to sulfate so that fractionation is controlled by Rayleigh 
distillation (Fig. 6.12) (Ohmoto and Rye, 1979). This process will generally 
produce a suite of sulfides having a wide range in isotopic composition (Fig. 6.12). 
Although the 8-?4S values of sulfides at West Hackberry lie at the heavy end of the 
range of compositions which conceivably could be produced by closed system 
fractionation, it is unlikely that cementation of the lower Miocene sands occured in a 
closed geochemical setting because of the need to import cementing agents into the
system. In addition, the range of isotopic compositions is tightly constrained over 
a large depth interval. Samples containing the light sulfides which would also be 
expected products of closed system bacterial reduction have not been found.
Thermochemical sulfate reduction
Thermochemical sulfate reduction during abiogenic hydrocarbon-sulfate redox 
reactions at elevated temperatures produces sulfides with isotopic compositions 
approaching those of the reservoir sulfate (Toland, 1960; Toland et al., 1958; Orr, 
1974,1977; Ohmoto and Rye, 1979; Trudinger, 1985). It is the favored 
mechanism for producing H2S in deep, carbonate-hosted sour gas fields (Orr, 
1974, 1977). It has been suggested that these deep reservoirs are the source for 
isotopically heavy sulfide observed in shallow sediment-hosted deposits (Kyle and 
Agee, 1988; Goldhaber et al., 1978; Reynolds et al., 1987), where the H2S was 
transported in solution along deep-rooted faults into the overlying sediments. 
Although experimental results suggest that abiotic thermochemical sulfate reduction 
can only occur at temperatures greater than 180 °C (Trudinger, 1985; Toland et al., 
1960,1958) field evidence suggests it occurs at lower temperatures, from 77° to 
100° C, given enough time (Orr, 1982, 1977, 1974).
Thermochemical reduction of sulfate supplied by dissolution of salt dome 
anhydrite can account for both the absolute isotopic values observed at West 
Hackberry as well as their restricted range (Fig. 6.12). This seems to be the best 
explanation at present for the origin of reduced sulfur in the pyrite-marcasite 
cements.
Paraeenesis of the micronodules
The paragenetic sequence observed in sulfide micronodules records an evolution 
in ambient pore fluid compositions. Although the formation of diagenetic 
pyrrhotite, including pyrrhotite formed under shallow burial conditions, has been 
spatially linked to the presence of hydrocarbons, the conditions and mechanisms of 
precipitation are not well understood (Sassen, 1980; Reynolds et al., 1987).
The alteration of monoclinic pyrrhotite to magnetite + pyrite can results from an 
increase in oxygen and sulfur fugacities (Fig. 6.13). The oxidation and leaching of 
pyrrhotite involves the dissolution of pyrrhotite, transport of Fe and S species and 
the precipitation of porous pyrite (Murowchick and Barnes, 1984). The porous 
nature of the pyrite results from the 34% volume decrease in the solid phases 
(Murowchick and Barnes, 1984,1986). Excess Fe2+ is often incorporated into 
magnetite and/or siderite which fills intrasulfide gaps and pores (Murowchick and 
Barnes, 1984,1986). These textures are consistent with those observed in the 
sulfide micro-nodules at West Hackberry.
Marcasite is metastable with respect to pyrite, and its occurrence constrains the 
interpretation of conditions existing at the site of precipitation (Murowchick and 
Barnes, 1984; 1986; Goldhaber and Reynolds, 1979). Marcasite forms from acidic 
mineralizing fluids with a pH less than 5.0, where H2Sn polysulfide species are 
dominant. These polysulfides are relatively unstable in warm water, which 
suggests they are produced at the site of deposition either by oxidation of H2S or by 
reaction of H2S with more oxidized aqueous sulfur species (Murowchick and 
Barnes, 1986). Siderite is a stable iron mineral at high CO2 fugacities (Fig. 6.13), 
and its presence as a late pore filling phase may reflect the influx of high fC02 
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Fig. 6.13. P h a se  d iagram  f o r  F e-O -C -S  system  show ing  stab ility  f ie ld s  o f  
hem atite , m agnetite , pyrrho tite , a n d  pyrite . S iderite  f ie ld  is superim posed . N o te  w ith  
increasing C 0 2  fu g a c ity  siderite  becom es the stable iron m ineral.
Similarities to Other Deposits
The sulfide assemblages found as cements and as nodules at West Hackberry 
have some similarities to sulfide deposits in shallow salt dome cap rocks, which 
have been most extensively documented at Hockley dome in east Texas (Price et 
al., 1983; Kyle and Price, 1986; Kyle and Agee, 1988) and the Winfield dome in 
the North Louisiana salt basin (Ulrich, 1984; Kyle et al., 1987). The top of salt at 
Hockley is at a depth of 12 m (40 ft.) below land surface, and mineralized zones 
occur over a depth interval of 100 to 375 m (328 to 1230 ft.). The wide range in 
sulfur isotopic composition of the pyrrhotite, pyrite, and marcasite at Hockley 
dome, -30 to +4 °/oo CDT, (Fig. 6.11) requires two isotopically distinct reservoirs: 
1) light H2S, produced by bacterial mediated hydrocarbon-sulfate redox reactions 
within the cap rock; and 2) an externally sourced heavy sulfide (Kyle and Agee, 
1988). Kyle and Agee (1988) have proposed a mixing model to account for the 
range in chemical and isotopic composition of these deposits where hot, isotopically 
heavy H2S metalliferous brines episodically mixed with ambient isotopically light 
H2S waters with in the cap rock. Fluid inclusion data from late stage barite at 
Hockley suggest mineralization occurred over a temperature range of 120 to 130° C 
(Kyle and Price, 1986), consistent with a upward influx of hot basinal brines into 
the shallow cap rock environment.
In addition to salt dome cap rock deposits, pyrite and marcasite cemented 
sandstones and pyrrhotite-cored micro-nodules similar to those observed at West 
Hackberry have been documented at the Cement oil field in Oklahoma (Reynolds et 
al., 1987). The spatial distribution of sulfides at the Cement field, their texture, 
and their isotopic composition, suggest a hydrocarbon-related origin (Reynolds et 
al., 1987). Sulfide mineralization at Cement is restricted to the crest of an anticline
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directly overlying the hydrocarbon reservoir. There is a marked increase in sulfate 
concentration in the sediments off the flanks of the anticline and a marked decrease 
in sulfide concentrations in the rocks (Reynolds et al., 1987) suggesting that the 
origin of these sulfide deposits is related to reducing conditions associated with the 
presence of hydrocarbons. The range in sulfur isotopic composition of iron 
sulfides at Cement is similar to the range observed in cap rock sulfides at Hockley 
dome, i.e., -30 to +12 °/oo (Fig. 6.11)(Reynolds et al., 1987; Kyle and Agee, 
1988) and much lighter than the sulfide values observed at West Hackberry. A 
bacterial mediated hydrocarbon-sulfate redox origin has also been proposed to 
account for the isotopically light H2S end member at Cement. Two mechanisms 
have been proposed to account for the heavy end member 1) bacterial sulfate 
reduction in a sulfate limited reservoir and 2) thermochemical sulfate reduction in 
deep underlying reservoirs (Reynolds et al., 1987). The deposits at Cement differ 
from those in the Gulf Coast in that there is an abundant local source for iron as 
iron oxides so that the spatial occurrence of mineralization is most likely limited by 
the availability of reduced sulfur. The deposits at Hockley and Winnfield require an 
external source for iron. Clay minerals in interbedded shales are a possible source 
for iron at West Hackberry
Relation of Hackberry Mineralization to Hydrocarbon Generation and 
Fluid Flow
While it appears that thermochemical reduction of Louann sulfate and oxidation 
of hydrocarbons are the most likely sources of sulfur and carbonate in the cements 
at West Hackberry, there remains the problem where the various processes 
occurred. Isotopic and chemical data, while providing useful constraints, do not
yield a unique interpretation. The following scenario seems to be the simplest, 
although alternative explanations are possible.
Thermal generation of methane requires temperatures of 100 to 125° C (Hunt, 
1979), which exist at present at depths of 2300 m (7545 ft.) immediately adjacent to 
the dome to 3050 m (10,(XX) ft.) away from the dome, or 600 to 1300 m (1970 to 
4265 ft.) below the site of pyrite-calcite precipitation. Therefore, carbon, either in a 
reduced or oxidized form had to have been transported upward considerable 
distances through the section.
Although experimental results suggest that abiotic thermochemical sulfate 
reduction can only occur at temperatures greater than 180 °C (Trudinger, 1985; 
Toland et al., 1960,1958), field evidence suggests it can in fact occur at 
temperatures as low as 77° to 100° C, given sufficient time (Orr, 1982,1977,
1974). The lower of these temperatures is nearly within the present 65 to 75° C 
window of the cements. One possible scenario, therefore, is that methane, either 
dissolved in aqueous solution or as a free gas phase, was transported upward 
toward the overlying Miocene section, where it reacted either there or along the 
flow path with dissolved sulfate in brines produced by the dissolution of the 
adjacent salt stock. Advective transport of heat by upward movement of fluid 
would have accelerated the process.
Precipitation of calcite and sulfide cements took place at or near the site of 
thermochemical reduction as a result of reactions shown below. The preferential 
occurrence of cements at the base of sand beds could possibly be related to density 
stratification of fluids within these beds, i.e., dense Na, Cl, Ca, and S04-bearing 
brines preferentially flowed down dip in the lower portion of these beds. As the 
reactants were used up along these flow paths, progressively smaller volumes of
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cements were precipitated laterally away from the dome. The uniform chemical and 
isotopic compositions of the cements over the entire stratigraphic interval studied 
requires that large compositionally-uniform reservoirs of reactants were involved.
The above processes can be summarized by the following series of reactions:
1. Dissolution of Louann halite and anhydrite, forming a NaCl-dominated brine 
containing dissolved Ca and Sr (87Sr/86Sr = .7078) and sulfate (S34S = +16 CDT): 
NaCl -+ Na+ + CL 
CaS04 -> Ca2+ + S042'
2. Generation of methane (813C = ca. -35 to -60 PDB) from the thermal alteration 
of hydrocarbons:
hydrocarbons —> CFL*
3. Thermochemical reduction of Louann sulfate and hydrocarbon oxidation 
(catalyzed by slightly oxidized sulfur, potentially sourced from thermal cleavage of 
NSO compounds) producing dissolved sulfide (S^S = ca. 16 CDT) and 
bicarbonate (813C = ca. -35 to -60 PDB). By analogy to reactions postulated by 
Orr (1977), reduction may have proceeded as follows:
a) sulfate - hydrogen sulfide reaction
SO42'  + 3H2S -> 4S° + 20H-
b) Oxidation of methane by S°
4S° + CPU + 2H20  -> 4H2S + CO2
c) Net Reaction:
S042' + CH4 -> H2S + HCO3- + OH-
4. Precipitation of carbonate cements (87Sr/86Sr = .7078; 813C = -36 PDB): 
Ca2+ + HCO3- + OH- -> CaC03 + H20
5. Precipitation of iron disulfides (S^S = 11 to 15 CDT) by reaction of H2S with a 
detrital Fe phase:
2H2S + FeOOH -> FeS2 + 2H20  + 1/2H2
6. The net reaction, with methane as the carbon source, is thus:
CaS04 + CH4 + 1/2 FeOOH CaC03 + l/2FeS2 + 2H20 + 1/4H2
Where the sulfide micronodules fit into this scheme is at present conjectural. 
They appear to have been formed in silt or shale beds adjacent to the sands and 
probably were not in the direct flow path of the mineralizing fluids. The 
mineralizing fluids were sufficiently oxidizing to precipitate pyrite rather than 
pyrrhotite. The pyrrhotite cores in the micronodules may have been precipitated 
during early diagenesis under extremely reducing conditions. The magnetite and 
pyrite rims may reflect slightly more oxidizing conditions related to the influx of 
mineralizing fluids in the adjacent sands, and the marcasite and siderite may have 
been produced as a result of the generation of organic acids from organics in the 
clays and silts induced by the passage of the possibly hot waters. At present, this 
scenario is conjectural.
C onclusions
The spatial distribution of calcite and sulfide cements at West Hackberry indicate 
that mineralization is direcdy related to the presence of the adjacent salt diapir. The
diapir is a probable source for some of the components required for cementation, 
specifically calcium and sulfur, as well as a factor controlling pathways for aqueous 
and hydrocarbon fluid migration. The results of this work are consistent with the 
following hypotheses:
1. Thermochemical reduction of sulfate can occur at temperatures of 100° C
or less.
2. The presence of zones of massive carbonate and sulfide cements, which 
can be readily recognized on conventional logs may reflect the occurence of 
hydrocarbons at depth.
3. Large-scale fluid flow is important in introducing potential diagenetic 
reactants.




The 750m (2500 ft.) thick section of Lower Miocene and Upper Oligocene 
sediments at West Hackberry has undergone significant chemical diagenesis during 
progressive burial, resulting in a reduction in porosity and permeability. There is a 
marked contrast, however, in the style of alteration between the Lower Miocene and 
Upper Oligocene. The dominant reactions effecting the composition and porosity of the 
Lower Miocene sands are the precipitation of calcite and iron sulfides and the 
replacement of detrital framework grains. Iron sulfide nodules of complex mineralogy 
and paragenesis occur in interbedded mudstones. Precipitation of analcime, siderite, 
and calcite plus the alteration of detrital volcanic lithic fragments and replacement of 
aluminosilicate framework grains by calcite are the dominant reactions which have 
altered the Upper Oligocene sands. Analcime and siderite are also present in the 
Oligocene mudstones. Late pyrite, barite, and sphalerite occur throughout the entire 
section.
Petrographic evidence suggests the sands in which these authigenic minerals occur 
could not have acted as the primary source for all of the diagenetic components they 
now contain, suggesting that extraformational sources are required and that significant 
mass transport of solutes has occurred. The clean, well-sorted nature of the sands, 
suggesting good original porosity and permeability, supports the conclusion that active 
fluid flow and mass transport of solutes has been a primary factor in controlling the 
distribution of authigenic cements.
Authigenic calcites are present in sands throughout the Lower Miocene and Upper 
Oligocene section as an early acicular cement and as later poikilotopic cements. 
Poikilotopic calcites are by far the most common cement observed in the cuttings. The
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isotopic composition of the calcite provides important evidence for the source of the 
calcium and carbonate and suggests that except for some of the Oligocene cements, the 
calcite did not precipitate from coeval seawater. The isotopic composition of the 
Miocene calcites is relatively constant and is consistent with the hypothesis that 
dissolution of Jurassic anhydrite in the adjacent salt dome and oxidation of methane are 
the primary sources for Ca and CO3, respectively. Salt dome anhydrite is also the 
likely source for the sulfur required for iron sulfide cements in the Miocene. In 
contrast, the isotopic composition of the Oligocene calcites is quite variable, suggesting 
multiple generations of calcite cement: an early one precipitated from seawater and 
perhaps several later ones precipitated during progressive burial by warm, hydrocarbon 
enriched, diagenetic pore fluids similar in composition to present day brines.
The precipitation of analcime, siderite, and chlorite authigenic minerals in the Upper 
Oligocene suggests the pore fluids may have been relatively depleted in Ca and H2S 
relative to waters which precipitated calcite and pyrite in Miocene sediments and locally 
enriched in Na, Al, and Si. The dissolution of halite in the adjacent salt dome is a 
primary source for Na. Dissolution and alteration of detrital volcanic lithic fragments 
and aluminosilicates, principally potassium feldspar, and the smectite to illite 
transformation, are potential sources for Al and Si as well as Ba, Ti, Zn, Mn, Fe. 
Petrographic evidence suggests framework grain alteration in the Upper Oligocene 
sandstones has not been the primary source for these cements. In addition, there has 
been no volumetrically significant clay mineral alteration in the immediately adjacent 
mudstones. More deeply buried shales and/or sands are therefore the most likely 
source for some of these constituents. The increase in analcime and siderite with 
increasing depth also supports a more deeply buried source. Thus an extraformational 
source is required to account for the occurrence of the authigenic minerals both in the 
Lower Miocene sands and in the Upper Oligocene sediments.
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Fluid flow and solute transport in South Louisiana
Fluid flow is an important aspect of basin evolution and the principal mechanism for 
the transport of solutes in the subsurface. Determining the principal mechanisms 
driving fluid flow is therefore fundamental in understanding the diagenetic evolution of 
sediments, especially the source, transport, and deposition of authigenic constituents.
Within the South Louisiana salt dome basin there are three distinct hydrologic flow 
regimes defined by the principal mechanism driving fluid flow: 1) a meteoric regime, 
driven by gravity forces resulting from differences in topographic elevation of the 
ground surface, 2) a hydropressured, thermohaline regime, driven in by density 
differences resulting from spatial variations in salinity and temperature, and 3) an 
overpressure regime, resulting from pressure differences induced by compaction 
disequilibrium, thermal expansion, and generation of gas (Hanor, 1987b). The 
development of abnormal fluid pressure is primarily the result of rapid loading of low 
permeability sediments (Harrison and Summa, 1991). The conversion of smectite to 
illite and the generation of hydrocarbons occurs within the same pressure-temperature 
zone and may enhance the development of overpressuring (Burst, 1969; Sharp et al., 
1988; and others).
The salt dome environment is a region of combined fluid flow where all three flow 
regimes are operative. Differences in the spatial variation in pore fluid salinity, 
temperature and pressure exist from dome to dome, suggesting the dominant flow 
regime varies on a very local scale as well as throughout its geologic history.
Depending on which hydrologic force is dominant flow adjacent to a salt diapir may be 
either down or up the salt flank (Fig. 7.1) (Evans et al., in press.). At Welsh dome 
salinity plumes have been documented extending more than a kilometer above the top of
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Fig. 7.1 Sch em a tic  illustra tion  o f  p o ten tia l f lo w  p a th s  in  the v ic in ity  o f  sa lt dom es  
(H a n o r , m s).
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salt within the hydropressured sands (Hanor and Bailey, 1983; Bennett and Hanor, 
1987). Mathematical models suggest that upward, pressure driven flow, from the 
underlying geopressure zone, is required to produce these perched brine plumes 
(Ranganathan and Hanor, 1989; Evans, 1989; Bennett and Hanor, 1987). 
Thermohaline convection of fluids within the hydropressured zone subsequently may 
result from the density instability produced by these high salinity plumes overlying less 
saline pore waters (Hanor, 1978; Evans and Nunn, 1988; 1989).
The main thrust of the work documented here has been to characterize and interpret 
the nature of diagenetic alteration of the sediments at West Hackberry. Although a 
quantitative analysis of the hydrologic regime in this area does not yet exist, the 
information on pore fluid salinities, temperature, and pressure obtained in this study 
suggest that West Hackberry continues to be an area of dynamic fluid flow and solute 
transport.
The possibility that large-scale overturn could be occurring at West Hackberry is 
suggested by the deflection of isotherms upward toward the dome (Fig. 5.7) and the 
presence of significant lateral gradients in salinity (Fig. 3.13). Both factors generate 
the potential for driving fluid flow (Hanor, 1987). The spatial variation in salinity is 
consistent with the hypothesis that the net lateral dispersion of dissolved NaCl away 
from the salt dome is occurring.
Lateral transport of dissolved salt is an important part of the hypothesis generated 
here for the diagenesis of the sediments at West Hackberry. Lateral transport of 
dissolved Ca, Sr, and sulfur derived from the salt stock is required to explain the 
isotopic composition of the calcite and pyrite cements in the Lower Miocene section. 
The presence of high concentrations of dissolved NaCl in these waters may have 
caused a density stratification within the Miocene sands resulting in preferential 
cementation in the lower parts of these units. Introduction of high concentrations of
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dissolved Na in the underlying Oligocene may have driven the alteration of 
volcaniclastic sediments to analcime.
Less is known about the effects of overpressuring on fluid flow at West Hackberry. 
The entire section studied here is currently hydrostatically pressured. Sediments below 
a depth of 9000 ft are known to be overpressured. Sands within the hard geopressured 
zone at Manchester Field, just northwest of West Hackberry have pore fluid salinities 
of approximately 20 mg/1, substantially lower than the 150 mg/1 of the pore fluids 
within the overlying hydropressured sands (Schmidt, 1973). The possibility thus 
exists that there have been periods when there has been expulsion of fluids of markedly 
different salinities and elemental composition up the flanks of the West Hackberry 
dome. The carbon isotopes of the carbonate cements in Miocene sands, for example, 
requires a hydrocarbon, probably methane, source. These sands are too shallow for 
the hydrocarbons to have been generated in-situ, and they presumably were derived 
from considerable depth below the Miocene section, possibly by pressure-driven fluid 
flow.
Much of the diagenesis documented here was driven by fluid flow and solute 
transport apparently associated with vertical zones of high permeability located on the 
western margin of the dome (Fig. 6.1). This transport may have been fault-controlled, 
although the spatial distribution of faults has not yet been resolved. Another possibility 
is the enhancement of vertical permeability through brecciation related to salt diapirism. 
Many of the silicate grains in Miocene section show evidence for brecciation and 
replacement by calcite and pyrite (Fig. 5.4 and 5.5).
Lateral transport, at least in the Miocene section, is preferentially associated with 
sands, as reflected by the distribution of calcite cemtents. There must have been a 
complex interplay between fluid flow and diagenesis, however, because the sandstone 
porosity and permeability was progressively reduced as cementation proceeded.
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Although probable vertical and lateral zones of preferential fluid flow can be 
identified, solute transport and diagenesis was not confined to these higher permeability 
areas. The entire Oligocene section studied, including the thick mudstone sequence has 
undergone pervasive diagenesis, including precipitation of analcime and siderite. The 
paragenetic sequence observed in the sulfide micronodules in the Miocene section 
appear to require input of materials from the adjacent sands. It is reasonable to 
conclude, therefore, that the entire sedimentary section studied at West Hackberry has 
been modified by solute transport.
It may be possible in the future to set constraints on the quantities of fluids involved 
through mass balance calculations based on estimated absolute masses of diagenetic 
components added and removed. Such an approach is limited at the present time, 
however, because of the limitation in the spatial distribution of sediment samples at 
West Hackberry.
Suggestions for future work
Although results of this study have contributed significantly to our understanding of 
diagenetic processes in the vicinity of salt domes including the importance of 
hydrocarbons and high NaCl brines in driving diagenetic reactions there are a number 
of unanswered problems including:
1) Structural controls on fluid migration and distribution of cements. Are the 
structural faults acting as conduits or as barriers to fluid flow and what effect, if any, 
does the distribution of faults have in controlling the distribution of the massive calcite 
cements in the Lower Miocene?
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2) Distribution of analcime and siderite. Detailed distribution of analcime and 
siderite with respect to sandstone facies and proximity to shale contacts might further 
constrain the role of original porosity and permeability in controlling its distribution. 
This would require conventional core.
3) Knowledge of the composition of Oligocene sediments at increasing distance 
from the dome and with increasing depth. This would help to refine the relative 
importance of fluid composition and temperature in driving the diagenetic reactions 
documented here.
4) Information on the composition of sediments in the vicinity of other salt 
domes. This would help to establish the relative importance of detrital sediment 
composition with respect to temperature and fluid composition in explaining the 
distribution and occurrence of zeolites.
5) Information of the isotopic composition of sulfide micronodules. This 
would help to constrain the origin of this important component.
6). More detailed information on fluid composition, including the composition 
of hydrocarbons. This would constrain the degree of equilibrium between present day 
pore fluids and the observed authigenic mineral assemblages.
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Table of wells used in this study. West Hackberrv Field, Cameron Parish LA.
Operator Lease W ell# Map Reference #
30-T12S-R10W
Superior Benson Vincent 1 1
Superior Benson Vincent 2 2
Superior Benson Vincent 3 3
Superior Benson Vincent 4 4
Superior Benson Vincent 5 5
Superior Benson Vincent 6 6
Superior Benson Vincent 7 7
Superior Benson Vincent 8 8
Superior Benson Vincent 9 9
Superior Benson Vincent 10 10
Superior Benson Vincent 11 11
Superior Benson Vincent 12 12
Superior Benson Vincent 13 13
Moepsi Benson Vincent 14 14
Moepsi Benson Vincent 15 15
Superior Benson Vincent 16 16
Superior D. Kaough C-l 17
Superior D. Kaough C-2 18
McDonald D. Kaough 1 19
Pan Am Gulf Land C-128 20
Pan Am Gulf Land C-176 21
Pan Am Vincent Heirs B-l 22
Pan Am Vincent Heirs B-2 23
Freeport Sulfur Gulf Refining 1 24
31-T12S-R10W
Superior R. Vincent et al. 25
36-T12S-R11W
Shell J.B.Watkins 13 26
25-T12S-R11W
Amoco Gulf Land 45 27
Stanolind Gulf Land D-5 28
Shell J.B. Watkins 4 29
Shell J.B. Watkins 7 30
Shell J.B. Watkins 8 31
Shell J.B. Watkins 9 32
Shell J.B. Watkins 11 33
Shell J.B. Watkins 12 34
Shell J.B. Watkins 14 35
Shell J.B. Watkins 19 36
Shell J.B. Watkins 21 37
Shell J.B. Watkins 23 38
Shell J.B. Watkins 20 39
192
2 4 -T 1 2 S -R 1 1 W
Operator Lease W ell# Map Reference #
Shell J.B. Watkins 2 40
Shell J.B. Watkins 3 41
Shell J.B. Watkins 5 42
Shell J.B. Watkins 10 43
Shell J.B. Watkins 15 44
Shell J.B. Watkins 15-x 45
Shell J.B. Watkins 16 46
Shell J.B. Watkins 17 47
Shell J.B. Watkins 24 48
Appendix 2
Percent sand and percent calcite cement data, by well.
Percent sand and percent calcite cement was determined over 100' depth intervals for 
each well from SP and resistivity curves. Column A = Depth interval (ft.), Column B 
= % Sand Column C = % Cement.
6600-6700
Amoco Gulf Land 6700-6800
A B C 6800-6900
1900-2000 80 0 6900-7000
2000-2100 50 0 7000-7100
2100-2200 70 0 7100-7200
2200-2300 90 0 7200-7300
2300-2400 80 0 7300-7400
2400-2500 70 0 7400-7500
2500-2600 70 0 7500-7600
2600-2700 60 0 7600-7700
2700-2800 90 0 7700-7800
2800-2900 90 0 7800-7900
2900-3000 60 0 7900-8000
3000-3100 60 0 8000-8100
3100-3200 95 0 8100-8200
3200-3300 50 0 8200-8300
3300-3400 80 0
3400-3500 80 0 B. Vincent
3500-3600 60 0 A
3600-3700 60 0 1000-1100
3700-3800 60 0 1100-1200
3800-3900 60 0 1200-1300
3900-4000 80 0 1300-1400
4000-4100 80 0 1400-1500
4100-4200 40 0 1500-1600
4200-4300 60 0 1600-1700
43004400 60 0 1700-1800
44004500 90 0 1800-1900
45004600 80 0 1900-2000
46004700 40 0 2000-2100
47004800 70 0 2100-2200
48004900 70 0 2200-2300
4900-5000 90 0 2300-2400
5000-5100 50 0 2400-2500
5100-5200 60 0 2500-2600
5200-5300 50 0 2600-2700
5300-5400 0 0 2700-2800
5400-5500 50 0 2800-2900
5500-5600 50 0 2900-3000
5600-5700 100 0 3000-3100
5700-5800 90 0 3100-3200
5800-5900 50 0 3200-3300
5900-6000 80 0 3300-3400
6000-6100 80 0 3400-3500
6100-6200 60 0 3500-3600
6200-6300 90 0 3600-3700
6300-6400 50 0 3700-3800
6400-6500 30 0 3800-3900
6500-6600 30 0 39004000
0 0 40004100 30 0
0 0 41004200 40 0
0 0 42004300 80 0
0 0 43004400 70 0
0 0 44004500 50 0
0 0 45004600 60 0
0 0 46004700 80 0
10 0 47004800 60 0
0 0 48004900 80 0
0 0 4900-5000 80 30
0 0 5000-5100 60 30
0 0 5100-5200 70 0
25 0 5200-5300 100 0
40 0 5300-5400 100 20
40 0 5400-5500 60 0
0 0 5500-5600 90 0
20 0 5600-5700 50 10
5700-5800 80 0
5800-5900 30 0
B c 5900-6000 30 0
90 0 6000-6100 30 0
90 0 6100-6200 0 0
100 0 6200-6300 0 0
50 0 6300-6400 0 0
60 0 6400-6500 50 0
70 0 6500-6600 0 0
80 0 6600-6700 0 0
80 0 6700-6800 0 0
80 0 6800-6900 0 0
80 0 6900-7000 0 0
80 0 7000-7100 0 0
90 0 7100-7200 0 0
70 0 7200-7300 0 0
90 0 7300-7400 0 0
100 0
90 0 B. Vincent 3
90 0 A B c
90 0
80 0 0500-0600 0 0
60 0 0600-0700 0 0
90 0 0700-0800 0 0
70 0 0800-0900 0 0
70 0 0900-100 0 0
100 0 1000-1100 80 0
30 0 1100-1200 90 0
30 0 1200-1300 100 0
20 0 1300-1400 50 0
90 0 1400-1500 50 0
90 0 1500-1600 50 0
70 0 1600-1700 80 0
194
195
B. Vincent 3 0700-0800 0 0 6500-6600 20
A B C 0800-0900 0 0 6600-6700 60
1700-1800 80 0 0900-1000 0 0 6700-6800 30
1800-1900 70 0 1000-1100 70 0 6800-6900 0
1900-2000 80 0 1100-1200 90 0 6900-7000 0
2000-2100 50 0 1200-1300 90 0 7000-7100 0
2100-2200 80 0 1300-1400 40 0
2200-2300 80 0 1400-1500 40 0 B.Vincent 5
2300-2400 80 0 1500-1600 80 0 A B
2400-2500 90 0 1600-1700 80 0
2500-2600 80 0 1700-1800 70 0 1500-1600 50
2600-2700 80 0 1800-1900 70 0 1600-1700 70
2700-2800 100 0 1900-2000 80 0 1700-1800 80
2800-2900 60 0 2000-2100 70 0 1800-1900 70
2900-3000 40 0 2100-2200 80 0 1900-2000 90
3000-3100 100 0 2200-2300 70 0 2000-2100 80
3100-3200 60 0 2300-2400 80 0 2100-2200 80
3200-3300 60 0 2400-2500 70 0 2200-2300 80
3300-3400 80 0 2500-2600 80 0 2300-2400 80
3400-3500 40 0 2600-2700 80 0 2400-2500 80
3500-3600 60 0 2700-2800 80 0 2500-2600 100
3600-3700 30 0 2800-2900 80 0 2600-2700 70
3700-3800 90 0 2900-3000 70 0 2700-2800 100
3800-3900 80 0 3000-3100 100 0 2800-2900 90
3900-4000 60 0 3100-3200 80 0 2900-3000 70
40004100 30 0 3200-3300 60 0 3000-3100 50
4100-4200 40 0 3300-3400 90 0 3100-3200 60
4200-4300 70 0 3400-3500 50 0 3200-3300 50
4300-4400 60 0 3500-3600 30 0 3300-3400 70
4400-4500 60 10 3600-3700 40 0 3400-3500 80
4500-4600 60 0 3700-3800 50 0 3500-3600 40
4600-4700 80 0 3800-3900 70 0 3600-3700 40
4700-4800 80 10 3900-4000 70 0 3700-3800 20
4800-4900 50 10 4000-4100 40 0 3800-3900 30
4900-5000 70 20 4100-4200 30 0 39004000 40
5000-5100 100 30 42004300 70 0 40004100 90
5100-5200 40 40 4300-4400 70 0 41004200 20
5200-5300 90 10 44004500 50 0 42004300 40
5300-5400 80 50 45004600 50 0 43004400 40
5400-5500 50 30 46004700 70 0 44004500 70
5500-5600 80 30 47004800 90 40 45004600 70
5600-5700 60 20 48004900 20 0 46004700 50
5700-5800 80 25 4900-5000 90 50 47004800 90
5800-5900 70 0 5000-5100 50 10 48004900 80
5900-6000 60 0 5100-5200 20 0 4900-5000 60
6000-6100 20 0 5200-5300 80 0 5000-5100 30
6100-6200 0 0 5300-5400 50 40 5100-5200 80
6200-6300 0 0 5400-5500 50 30 5200-5300 60
6300-6400 0 0 5500-5600 70 10 5300-5400 70
6400-6500 0 0 5600-5700 90 30 5400-5500 60
6500-6600 20 0 5700-5800 70 0 5500-5600 60
6600-6700 0 0 5800-5900 90 20 5600-5700 100
6700-6800 0 0 5900-6000 50 30 5700-5800 30
6800-6900 0 0 6000-6100 20 20 5800-5900 90
6100-6200 30 0 5900-6000 90
B.Vincent 4 6200-6300 0 0 6000-6100 80
A B c 6300-6400 0 0 6100-6200 70
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7400-7500 40 0 6100-6200 50
B c 7500-7600 40 0 6200-6300 80
7600-7700 0 0 6300-6400 80
50 0 6400-6500 80
60 0 B.Vincent 9 6500-6600 70
60 0 A B C 6600-6700 40
70 0 6700-6800 50
80 0 1100-1200 50 0 6800-6900 0
70 0 1200-1300 100 0 6900-7000 0
80 0 1300-1400 30 0 7000-7100 0
70 0 1400-1500 40 0 7100-7200 0
90 0 1300-1400 0 0 7200-7300 0
90 0 1400-1500 0 0 7300-7400 0
20 0 1500-1600 80 0 7400-7500 50
70 0 1600-1700 70 0 7500-7600 60
50 0 1700-1800 80 0 7600-7700 0
50 0 1800-1900 80 0 7700-7800 0
80 0 1900-2000 80 0 7900-8000 0
90 0 2100-2200 90 0 8000-8100 0
0 0 2200-2300 90 0 8100-8200 0
40 0 2300-2400 90 0 8200-8300 0
20 0 2400-2500 90 0 8300-8400 0
60 0 2500-2600 100 0
70 0 2600-2700 80 0 B.Vincent 1
50 0 2700-2800 100 0 A B
40 0 2800-2900 80 0
40 0 2900-3000 100 0 1000-1100 80
50 0 3000-3100 70 0 1100-1200 80
50 0 3100-3200 90 0 1200-1300 100
70 0 3200-3300 30 0 1300-1400 40
70 10 3300-3400 60 0 1400-1500 40
80 0 3400-3500 90 0 1500-1600 70
60 0 3500-3600 60 0 1600-1700 80
70 12 3600-3700 50 0 1700-1800 70
70 5 3700-3800 40 0 1800-1900 80
70 30 3800-3900 30 0 1900-2000 70
70 20 3900-4000 20 0 2000-2100 50
60 20 4000-4100 80 0 2100-2200 80
80 0 41004200 20 0 2200-2300 60
100 10 42004300 50 0 2300-2400 90
80 40 4300-4400 40 0 2400-2500 100
60 10 44004500 70 0 2500-2600 60
90 0 45004600 60 0 2600-2700 90
50 30 46004700 50 0 2700-2800 90
100 20 47004800 60 0 2800-2900 50
70 0 48004900 60 0 2900-3000 80
50 10 4900-5000 80 0 3000-3100 80
40 0 5000-5100 90 0 3100-3200 50
5 0 5100-5200 40 0 3200-3300 90
0 0 5200-5300 90 30 3300-3400 90
5 0 5300-5400 60 0 3400-3500 60
0 0 5400-5500 100 0 3500-3600 50
0 0 5500-5600 40 20 3600-3700 80
10 0 5600-5700 70 0 3700-3800 90
60 0 5700-5800 90 0 3800-3900 60
10 0 5800-5900 70 30 39004000 20
0 0 5900-6000 60 0 40004100 20










































































































































































B.Vincent 11 45004600 50 0 43004400 60
A B C 46004700 70 0 44004500 50
47004800 80 0 45004600 30
6800-6900 70 0 48004900 80 20 46004700 60
6900-7000 0 0 4900-5000 60 0 47004800 80
7000-7100 0 0 5000-5100 50 30 48004900 70
7100-7200 0 0 5100-5200 70 10 4900-5000 40
7200-7300 0 0 5200-5300 60 20 5000-5100 80
7300-7400 0 0 5300-5400 70 10 5100-5200 50
7400-7500 0 0 5400-5500 100 80 5200-5300 60
7500-7600 0 0 5500-5600 65 30 5300-5400 80
7600-7700 0 0 5600-5700 30 10 5400-5500 10C
7700-7800 0 0 5700-5800 90 85 5500-5600 80
7800-7900 0 0 5800-5900 80 65 5600-5700 50
7900-8000 10 5900-6000 50 45 5700-5800 80
8000-8100 0 6000-6100 40 0 5800-5900 60
8100-8200 0 6100-6200 0 0 5900-6000 90
8200-8300 0 6200-6300 0 0 6000-6100 90
8300-8400 40 6300-6400 0 0 6100-6200 90
6400-6500 0 0 6200-6300 20
B.Vincent 14 6500-6600 0 0 6300-6400 50
A B c 6600-6700 20 0 6400-6500 0
6700-6800 40 10 6500-6600 0
1000-1100 0 0 6800-6900 10 0 6600-6700 0
1100-1200 0 0 6900-7000 0 0 6700-6800 5
1200-1300 0 0 7000-7100 0 0 6800-6900 30
1300-1400 0 0 7100-7200 0 0 6900-7000 20
1400-1500 0 0 7200-7300 0 0 7000-7100 0
1500-1600 0 0 7300-7400 0 0 7100-7200 15
1600-1700 0 0 7200-7300 50
1700-1800 0 0 B.Vincent 15 7300-7400 0
1800-1900 50 0 A B c
1900-2000 80 0 B.Vincent 16
2000-2100 60 0 1800-1900 70 0 A B
2100-2200 80 0 1900-2000 80 0
2200-2300 60 0 2000-2100 80 0 0600-0700 0
2300-2400 90 0 2100-2200 80 0 0700-0800 0
2400-2500 80 0 2200-2300 80 0 0800-0900 0
2500-2600 60 0 2300-2400 80 0 0900-1000 0
2600-2700 80 0 2400-2500 90 0 1000-1100 0
2700-2800 90 0 2500-2600 90 0 1100-1200 0
2800-2900 80 0 2600-2700 100 0 1200-1300 0
2900-3000 60 0 2700-2800 100 0 1300-1400 0
3000-3100 90 0 2800-2900 100 0 1400-1500 0
3100-3200 40 0 2900-3000 40 0 1500-1600 0
3200-3300 80 0 3000-3100 90 0 1600-1700 0
3300-3400 90 0 3100-3200 70 0 1700-1800 0
3400-3500 70 0 3200-3300 70 0 1800-1900 90
3500-3600 40 0 3300-3400 90 0 1900-2000 60
3600-3700 30 0 3400-3500 70 0 2000-2100 80
3700-3800 60 0 3500-3600 30 0 2100-2200 70
3800-3900 70 0 3600-3700 20 0 2200-2300 90
3900-4000 80 0 3700-3800 40 0 2300-2400 90
4000-4100 40 0 3800-3900 50 0 2400-2500 80
4100-4200 50 0 39004000 90 0 2500-2600 80
42004300 60 0 40004100 30 0 2600-2700 90
43004400 70 0 41004200 30 0 2700-2800 60

























































B.Vincent 16 1600-1700 80 0 0900-1000 0
A B c 1700-1800 70 0 1000-1100 90
1800-1900 60 0 1100-1200 60
2900-3000 80 0 1900-2000 60 0 1200-1300 30
3000-3100 50 0 2000-2100 40 0 1300-1400 40
3100-3200 90 0 2100-2200 70 0 1400-1500 50
3200-3300 90 0 2200-2300 70 0 1500-1600 100
3300-3400 20 0 2300-2400 80 0 1600-1700 50
3400-3500 50 0 2400-2500 80 0 1700-1800 70
3500-3600 60 0 2500-2600 80 0 1800-1900 70
3600-3700 60 0 2600-2700 90 0 1900-2000 60
3700-3800 80 0 2700-2800 80 0 2000-2100 70
3800-3900 20 0 2800-2900 70 0 2100-2200 80
3900-4000 15 0 2900-3000 60 0 2200-2300 70
4000-4100 40 0 3000-3100 80 0 2300-2400 80
4100-4200 90 0 3100-3200 50 0 2400-2500 90
4200-4300 60 0 3200-3300 70 0 2500-2600 90
43004400 70 0 3300-3400 60 0 2600-2700 80
44004500 50 0 3400-3500 30 0 2700-2800 100
45004600 30 15 3500-3600 40 0 2800-2900 80
46004700 50 30 3600-3700 30 0 2900-3000 30
47004800 70 70 3700-3800 40 0 3000-3100 90
48004900 80 80 3800-3900 90 0 3100-3200 70
4900-5000 90 70 39004000 80 0 3200-3300 50
5000-5100 40 0 40004100 50 0 3300-3400 70
5100-5200 100 80 41004200 30 0 3400-3500 70
5200-5300 30 10 42004300 70 0 3500-3600 0
5300-5400 50 20 4300-4400 60 0 3600-3700 40
5400-5500 50 30 44004500 50 20 3700-3800 40
5500-5600 20 0 45004600 80 0 3800-3900 50
5600-5700 0 0 46004700 80 0 39004000 90
5700-5800 0 0 47004800 80 20 40004100 40
5800-5900 10 0 48004900 60 10 41004200 70
5900-6000 0 0 4900-5000 90 40 42004300 40
6000-6100 0 0 5000-5100 90 0 43004400 90
6100-6200 0 0 5100-5200 50 10 44004500 0
6200-6300 0 0 5200-5300 90 0 45004600 70
6300-6400 0 0 5300-5400 100 50 46004700 50
6400-6500 0 0 5400-5500 40 20 47004800 60
6500-6600 0 0 5500-5600 90 10 48004900 90
6600-6700 0 0 5600-5700 50 20 4900-5000 20
6700-6800 0 0 5700-5800 90 40 5000-5100 100
6800-6900 0 0 5800-5900 50 0 5100-5200 80
6900-7000 0 0 5900-6000 60 10 5200-5300 80
6000-6100 10 0 5300-5400 50
D. Kaough Cl 6100-6200 0 0 5400-5500 90
A B c 6200-6300 0 0 5500-5600 100
6300-6400 0 0 5600-5700 50
0600-0700 0 0 6400-6500 10 0 5700-5800 80
0700-0800 0 0 6500-6600 40 0 5800-5900 40
0800-0900 0 0 6600-6700 10 0 5900-6000 100
0900-1000 0 0 6700-6800 10 0 6000-6100 60
1000-1100 70 0 6800-6900 0 0 6100-6200 60
1100-1200 80 0 6900-7000 0 0 6200-6300 10
1200-1300 100 0 6300-6400 10
1300-1400 50 0 D.Kaough C2 6400-6500 0
1400-1500 50 0 A B c 6500-6600 0




























































D.Kaough C2 5000-5100 0 0 3800-3900 20 0
A B c 5100-5200 0 0 39004000 60 0
5200-5300 0 0 40004100 0 0
6700-6800 20 0 5300-5400 0 0 41004200 0 0
6800-6900 0 0 5400-5500 0 0 42004300 0 0
6900-7000 0 0 5500-5600 0 0 43004400 0 0
7000-7100 10 0 5600-5700 0 0 44004500 0 0
7100-7200 50 0 5700-5800 0 0 45004600 0 0
7200-7300 20 0 5800-5900 0 0 46004700 0 0
5900-6000 0 0 47004800 0 0
Freeport Sulfur 1 6000-6100 0 0 48004900 0 0
A B c 6100-6200 0 0 4900-5000 0 0
6200-6300 0 0 5000-5100 0 0
0500-0600 0 0 6300-6400 0 0 5100-5200 0 0
0600-0700 0 0 6400-6500 0 0 5200-5300 0 0
0700-0800 60 0 6500-6600 0 0 5300-5400 0 0
0800-0900 80 0 6600-6700 0 0 5400-5500 0 0
0900-1000 60 0 6700-6800 0 0 5500-5600 0 0
1000-1100 15 0 6800-6900 0 0 5600-5700 0 0
1100-1200 60 0 5700-5800 0 0
1200-1300 50 0 McDonald Kaough 1 5800-5900 0 0
1300-1400 10 0 A B c 5900-6000 0 0
1400-1500 40 0 6000-6100 0 0
1500-1600 70 0 0300-0400 0 0 6100-6200 0 0
1600-1700 20 0 0400-0500 100 0 6200-6300 0 0
1700-1800 10 0 0500-0600 100 0 6300-6400 0 0
1800-1900 0 0 0600-0700 100 0 6400-6500 0 0
1900-2000 0 0 0700-0800 50 0 6500-6600 0 0
2000-2100 0 0 0800-0900 50 0 6600-6700 0 0
2100-2200 0 0 0900-1000 20 0
2200-2300 0 0 1000-1100 100 0 J.B. Watkins 2
2300-2400 0 0 1100-1200 70 0 A B c
2400-2500 0 0 1200-1300 50 0
2500-2600 0 0 1300-1400 20 0 2000-2100 50
2600-2700 0 0 1400-1500 30 0 2100-2200 90
2700-2800 0 0 1500-1600 90 0 2200-2300 80
2800-2900 0 0 1600-1700 70 0 2300-2400 60
2900-3000 0 0 1700-1800 70 0 2400-2500 70
3000-3100 0 0 1800-1900 40 0 2500-2600 70
3100-3200 0 0 1900-2000 30 0 2600-2700 70
3200-3300 0 0 2000-2100 70 0 2700-2800 80 0
3300-3400 0 0 2100-2200 60 0 2800-2900 90 0
3400-3500 0 0 2200-2300 90 0 2900-3000 100 0
3500-3600 0 0 2300-2400 90 0 3000-3100 100 0
3600-3700 0 0 2400-2500 60 0 3100-3200 70 0
3700-3800 0 0 2500-2600 60 0 3200-3300 80 0
3800-3900 0 0 2600-2700 50 0 3300-3400 90 0
3900-4000 0 0 2700-2800 50 0 3400-3500 90 0
4000-4100 0 0 2800-2900 80 0 3500-3600 100 0
4100-4200 0 0 2900-3000 70 0 3600-3700 60 0
42004300 0 0 3000-3100 60 0 3700-3800 80 0
43004400 0 0 3100-3200 20 0 3800-3900 60 0
44004500 0 0 3200-3300 30 0 39004000 60 0
45004600 0 0 3300-3400 20 0 40004100 30 0
46004700 0 0 3400-3500 40 0 41004200 60 0
47004800 0 0 3500-3600 70 0 42004300 70 0
48004900 0 0 3600-3700 30 0 43004400 30 0

































































































































































































































46004700 50 0 2500-2600 80
B C 4700-4800 40 0 2600-2700 90
4800-4900 50 0 2700-2800 80
60 0 4900-5000 70 0 2800-2900 90
10 0 5000-5100 50 0 2900-3000 90
80 0 5100-5200 70 0 3000-3100 70
50 0 5200-5300 20 0 3100-3200 60
20 0 5300-5400 50 0 3200-3300 80
0 0 5400-5500 70 0 3300-3400 40
0 0 5500-5600 60 0 3400-3500 70
0 0 5600-5700 60 0 3500-3600 70
5 0 5700-5800 80 0 3600-3700 60
0 0 5800-5900 90 0 3700-3800 10
0 0 5900-6000 100 0 3800-3900 30
0 0 6000-6100 60 0 39004000 60
0 0 6100-6200 60 0 40004100 50
0 0 6200-6300 80 0 41004200 60
10 0 6300-6400 80 0 42004300 50
0 0 6400-6500 70 0 43004400 20
0 0 6500-6600 80 0 44004500 90
0 0 6600-6700 40 0 45004600 40
0 0 6700-6800 10 0 46004700 80
10 0 6800-6900 70 0 47004800 40
60 0 6900-7000 40 0 48004900 40
60 0 7000-7100 5 0 4900-5000 50
0 0 7100-7200 5 0 5000-5100 60
10 0 7200-7300 5 0 5100-5200 70
0 0 7300-7400 0 0 5200-5300 50
7400-7500 0 0 5300-5400 40
7500-7600 0 0 5400-5500 70
B c 7600-7700 0 0 5500-5600 50
7700-7800 0 0 5600-5700 60
50 7800-7900 0 0 5700-5800 80
60 7900-8000 0 0 5800-5900 80
70 8000-8100 10 0 5900-6000 60
90 8100-8200 5 0 6000-6100 90
40 8200-8300 0 0 6100-6200 90
70 8300-8400 0 0 6200-6300 40
70 8400-8500 5 0 6300-6400 80
90 8500-8600 20 0 6400-6500 70
80 8600-8700 50 0 6500-6600 70
80 8700-8800 50 0 6600-6700 50
90 0 8800-8900 10 0 6700-6800 100
70 0 8900-9000 10 0 6800-6900 90
70 0 9000-9100 50 0 6900-7000 20
60 0 9100-9200 40 0 7000-7100 80
15 0 9200-9300 80 0 7100-7200 40
90 0 9300-9400 80 0 7200-7300 10
20 0 7300-7400 10
50 0 J.B.Watkins 9 7400-7500 5
30 0 A B c 7500-7600 0
20 0 7600-7700 0
30 0 2000-2100 50 7700-7800 5
40 0 2000-2100 30 7800-7900 0
40 0 2100-2200 50 7900-8000 0
100 0 2200-2300 60 8000-8100 0
20 0 2300-2400 70 8100-8200 0
70 0 2400-2500 80 8200-8300 0
2 0 4
J.B.Watkins 9 6100-6200 60 0 3500-3600 60
A B C 6200-6300 90 0 3600-3700 50
6300-6400 100 0 3700-3800 20
8300-8400 5 0 6400-6500 70 0 3800-3900 30
8400-8500 20 0 6500-6600 70 0 39004000 50
8500-8600 10 0 6600-6700 60 0 40004100 50
8600-8700 0 0 6700-6800 80 20 41004200 70
8700-8800 0 0 6800-6900 90 0 42004300 60
8800-8900 0 0 6900-7000 90 0 43004400 40
8900-9000 0 0 7000-7100 80 0 44004500 90
9000-9100 0 0 7100-7200 70 0 45004600 40
9100-9200 0 0 7200-7300 40 0 46004700 60
9200-9300 0 0 7300-7400 10 0 47004800 50
7400-7500 90 0 48004900 60
J.B.Watkins 13 7500-7600 20 0 4900-5000 40
A B c 7600-7700 0 0 5000-5100 80
7700-7800 0 0 5100-5200 60
2000-2100 40 0 7800-7900 0 0 5200-5300 100
2100-2200 40 0 7900-8000 0 0 5300-5400 40
2200-2300 80 0 8000-8100 0 0 5400-5500 50
2300-2400 50 0 8100-8200 0 0 5500-5600 30
2400-2500 70 0 8200-8300 0 0 5600-5700 70
2500-2600 50 0 8300-8400 0 0 5700-5800 90
2600-2700 80 0 8400-8500 0 0 5800-5900 70
2700-2800 50 0 8500-8600 0 0 5900-6000 80
2800-2900 90 0 8600-8700 0 0 6000-6100 80
2900-3000 60 0 8700-8800 0 0 6100-6200 90
3000-3100 80 0 8800-8900 0 0 6200-6300 50
3100-3200 50 0 8900-9000 0 0 6300-6400 70
3200-3300 80 0 9000-9100 0 0 6400-6500 80
3300-3400 70 0 9100-9200 5 0 6500-6600 70
3400-3500 60 0 9200-9300 50 0 6600-6700 70
3500-3600 60 0 9300-9400 15 0 6700-6800 90
3600-3700 70 0 9400-9500 5 0 6800-6900 100
3700-3800 30 0 9500-9600 0 0 6900-7000 60
3800-3900 10 0 9600-9700 0 7000-7100 40
39004000 50 0 9700-9800 0 7100-7200 60
40004100 40 0 9800-9900 10 7200-7300 70
41004200 30 0 9900-10000 0 7300-7400 10
42004300 60 0 10000-10100 0 7400-7500 5
43004400 40 0 7500-7600 30
44004500 50 0 J.B.Watkins 14 7600-7700 10
45004600 30 0 A B c 7700-7800 20
46004700 35 0 7800-7900 20
47004800 80 0 2100-2200 60 7900-8000 10
48004900 60 0 2200-2300 100 8000-8100 10
4900-5000 20 0 2300-2400 90 8100-8200 10
5000-5100 50 0 2400-2500 70 8200-8300 10
5100-5200 70 0 2500-2600 90 8300-8400 0
5200-5300 70 0 2600-2700 80 8400-8500 0
5300-5400 95 0 2700-2800 80 8500-8600 10
5400-5500 60 0 2800-2900 80 8600-8700 30
5500-5600 40 0 2900-3000 60 8700-8800 10
5600-5700 80 20 3000-3100 90 8800-8900 0
5700-5800 60 0 3100-3200 60 0 8900-9000 0
5800-5900 100 0 3200-3300 90 0 9000-9100 0
5900-6000 70 0 3300-3400 60 0 9100-9200 0







































































































14 6900-7000 90 0 5400-5500 60
B C 7000-7100 70 0 5500-5600 90
7100-7200 30 0 5600-5700 50
50 0 7200-7300 80 0 5700-5800 50
30 0 7300-7400 0 0 5800-5900 90
7400-7500 0 0 5900-6000 70
21 7500-7600 5 0 6000-6100 75
B c 7600-7700 0 0 6100-6200 65
7700-7800 0 0 6200-6300 100
60 7800-7900 0 0 6300-6400 85
60 7900-8000 0 0 6400-6500 70
80 8000-8100 0 0 6500-6600 80
90 8100-8200 0 0 6600-6700 95
70 8200-8300 0 0 6700-6800 50
80 8300-8400 0 0 6800-6900 80
70 8400-8500 0 0 6900-7000 70
80 8500-8600 0 0 7000-7100 80
70 8600-8700 20 0 7100-7200 75
80 8700-8800 50 0 7200-7300 15
60 0 8800-8900 20 0 7300-7400 70
60 0 8900-9000 0 0 7400-7500 35
90 0 9000-9100 0 0 7500-7600 0
70 0 9100-9200 0 0 7600-7700 0
60 0 9200-9300 0 0 7700-7800 0
60 0 9300-9400 0 0 7800-7900 0
70 0 7900-8000 0
60 0 J.B.Watkins 23 8000-8100 0
60 0 A B c 8100-8200 0
40 0 8200-8300 0
60 0 2500-2600 70 0 8300-8400 0
40 0 2600-2700 60 0 8400-8500 0
70 0 2700-2800 60 0 8500-8600 0
20 0 2800-2900 70 0 8600-8700 0
40 0 2900-3000 70 0 8700-8800 0
40 0 3000-3100 40 0 8800-8900 0
60 0 3100-3200 40 0 8900-9000 0
90 0 3200-3300 90 0 9000-9100 0
10 0 3300-3400 60 0 9100-9200 30
40 0 3400-3500 50 0 9200-9300 20
50 0 3500-3600 60 0
40 0 3600-3700 80 0 J.B.Watkins 8
90 0 3700-3800 15 0 A B
50 0 3800-3900 60 0
50 0 3900-4000 20 0 2000-2100 50
80 0 4000-4100 50 0 2100-2200 30
40 0 41004200 50 0 2200-2300 70
70 0 42004300 60 0 2300-2400 60
70 0 43004400 20 0 2400-2500 80
60 0 44004500 40 0 2500-2600 90
80 0 45004600 70 0 2600-2700 90
80 0 46004700 40 0 2700-2800 70
80 0 47004800 80 0 2800-2900 90
50 0 48004900 30 0 2900-3000 50
80 0 4900-5000 10 0 3000-3100 50
60 0 5000-5100 50 0 3100-3200 90
50 0 5100-5200 60 0 3200-3300 80
70 0 5200-5300 70 0 3300-3400 40
100 0 5300-5400 90 0 3400-3500 30
2 0 6
J.B.Watkins 8 9000-9100 50 0 6000-6100 0
A B c 9100-9200 0 0 6100-6200 0
9200-9300 0 0 6200-6300 0
3500-3600 60 0 9300-9400 30 0 6300-6400 0
3600-3700 30 0 9400-9500 40 0 6400-6500 0
3700-3800 30 0 6500-6600 0
3800-3900 50 0 Pan Am Gulf Land 128 6600-6700 0
3900-4000 50 0 A B C 6700-6800 0
40004100 50 0 6800-6900 0
41004200 60 0 1100-1200 50 0 6900-7000 0
42004300 40 0 1200-1300 50 0 7000-7100 0
43004400 90 0 1300-1400 80 0 7100-7200 0
44004500 50 0 1400-1500 40 0 7200-7300 0
45004600 40 0 1500-1600 70 0 7300-7400 0
46004700 60 0 1600-1700 80 0 7400-7500 0
47004800 50 0 1700-1800 70 0
48004900 30 0 1800-1900 70 0 Pan Am Gulf Land
4900-5000 50 0 1900-2000 90 0 A B
5000-5100 50 0 2000-2100 80 0
5100-5200 90 0 2100-2200 90 0 2000-2100 70
5200-5300 40 0 2200-2300 90 0 2100-2200 90
5300-5400 70 0 2300-2400 70 0 2200-2300 80
5400-5500 60 0 2400-2500 60 0 2300-2400 30
5500-5600 60 0 2500-2600 100 0 2400-2500 10
5600-5700 80 0 2600-2700 100 0 2500-2600 20
5700-5800 90 0 2700-2800 100 0 2600-2700 30
5800-5900 80 0 2800-2900 50 0 2700-2800 0
5900-6000 100 0 2900-3000 30 0 2800-2900 70
6000-6100 90 0 3000-3100 50 0 2900-3000 60
6100-6200 30 0 3100-3200 70 0 3000-3100 90
6200-6300 80 0 3200-3300 50 0 3100-3200 60
6300-6400 80 0 3300-3400 80 0 3200-3300 70
6400-6500 60 0 3400-3500 20 0 3300-3400 30
6500-6600 50 0 3500-3600 40 0 3400-3500 20
6600-6700 60 0 3600-3700 30 0 3500-3600 40
6700-6800 70 0 3700-3800 50 0 3600-3700 100
6800-6900 30 0 3800-3900 90 0 3700-3800 80
6900-7000 50 0 39004000 100 0 3800-3900 20
7000-7100 60 0 40004100 50 0 39004000 90
7100-7200 10 0 41004200 40 0 40004100 70
7200-7300 10 0 42004300 100 0 41004200 70
7300-7400 10 0 4300 4400 80 0 42004300 60
7400-7500 10 0 44004500 10 0 43004400 10
7500-7600 0 0 45004600 50 0 44004500 30
7600-7700 0 0 46004700 10 0 45004600 10
7700-7800 0 0 47004800 0 0 46004700 0
7800-7900 0 0 48004900 0 0 47004800 0
7900-8000 0 0 4900-5000 0 0 48004900 0
8000-8100 0 0 5000-5100 0 0 4900-5000 0
8100-8200 0 0 5100-5200 10 0 5000-5100 0
8200-8300 10 0 5200-5300 0 0 5100-5200 0
8300-8400 0 0 5300-5400 0 0 5200-5300 0
8400-8500 0 0 5400-5500 0 0 5300-5400 0
8500-8600 0 0 5500-5600 0 0 5400-5500 0
8600-8700 0 0 5600-5700 0 0 5500-5600 0
8700-8800 10 0 5700-5800 0 0 5600-5700 0
8800-8900 30 0 5800-5900 0 0 5700-5800 0


























































Pan Am Gulf Land 176 40004100 90 5500-5600 0
A B C 41004200 50 5600-5700 0
42004300 0 5700-5800 0
5900-6000 0 0 5800-5900 0
6000-6100 0 0 Pan Am Vincent Heirs 5900-6000 0
6100-6200 0 0 B-2 6000-6100 0
6200-6300 0 0 A B c 6100-6200 0
6300-6400 0 0 6200-6300 0
6400-6500 0 0 0500-0600 0 0 6300-6400 0
6500-6600 0 0 0600-0700 0 0 6400-6500 0
6600-6700 0 0 0700-0800 0 0 6500-6600 0
6700-6800 0 0 0800-0900 0 0 6600-6700 0
6800-6900 0 0 0900-1000 0 0 6700-6800 0
6900-7000 0 0 1000-1100 0 0 6800-6900 0
7000-7100 0 0 1100-1200 0 0
7100-7200 0 0 1200-1300 0 0 R.Vincent 1
7200-7300 0 0 1300-1400 0 0 A B
7300-7400 0 0 1400-1500 0 0
7400-7500 0 0 1500-1600 90 0 1000-1100 60
7500-7600 0 0 1600-1700 80 0 1100-1200 70
7600-7700 0 0 1700-1800 80 0 1200-1300 80
7700-7800 0 0 1800-1900 60 0 1300-1400 50
7800-7900 0 0 1900-2000 80 0 1400-1500 40
7900-8000 0 0 2000-2100 80 0 1500-1600 40
8000-8100 0 0 2100-2200 50 0 1600-1700 100
8100-8200 0 0 2200-2300 60 0 1700-1800 60
8200-8300 0 0 2300-2400 30 0 1800-1900 60
8300-8400 0 0 2400-2500 100 0 1900-2000 100
2500-2600 30 0 2000-2100 30
Pan Am Vincent Heirs 2600-2700 0 0 2100-2200 40
B -l 2700-2800 0 0 2200-2300 70
A B c 2800-2900 20 0 2300-2400 60
2900-3000 50 0 2400-2500 80
1500-1600 100 3000-3100 50 0 2500-2600 80
1600-1700 80 3100-3200 40 0 2600-2700 50
1700-1800 70 3200-3300 30 0 2700-2800 100
1800-1900 70 3300-3400 0 0 2800-2900 90
1900-2000 70 3400-3500 30 0 2900-3000 60
2000-2100 80 3500-3600 100 0 3000-3100 70
2100-2200 50 3600-3700 80 0 3100-3200 90
2200-2300 20 3700-3800 100 0 3200-3300 50
2300-2400 0 3800-3900 60 0 3300-3400 80
2400-2500 10 39004000 80 0 3400-3500 80
2500-2600 80 40004100 10 0 3500-3600 50
2600-2700 90 41004200 0 0 3600-3700 5
2700-2800 40 42004300 0 0 3700-3800 60
2800-2900 30 43004400 0 0 3800-3900 40
2900-3000 20 44004500 0 0 39004000 30
3000-3100 50 45004600 0 0 40004100 90
3100-3200 70 46004700 0 0 41004200 20
3200-3300 0 47004800 0 0 42004300 70
3300-3400 70 48004900 0 0 43004400 20
3400-3500 30 4900-5000 0 0 44004500 70
3500-3600 10 5000-5100 0 0 45004600 80
3600-3700 70 5100-5200 0 0 46004700 70
3700-3800 70 5200-5300 0 0 47004800 50
3800-3900 70 5300-5400 0 0 48004900 80

























































R.Vincent 1 3900-4000 60
A B C 40004100 40
41004200 60
5000-5100 70 10 42004300 20
5100-5200 50 0 43004400 90
5200-5300 90 20 44004500 40
5300-5400 80 0 45004600 70
5400-5500 90 10 46004700 60
5500-5600 70 0 47004800 40
5600-5700 70 5 48004900 50
5700-5800 100 0 4900-5000 40
5800-5900 70 50 5000-5100 70
5900-6000 80 10 5100-5200 60
6000-6100 90 0 5200-5300 60
6100-6200 40 40 5300-5400 50
6200-6300 100 0 5400-5500 60
6300-6400 60 10 5500-5600 70
6400-6500 50 0 5600-5700 70
6500-6600 30 10 5700-5800 80
6600-6700 60 0 5800-5900 100
6700-6800 0 0 5900-6000 80
6800-6900 0 0 6000-6100 60
6900-7000 0 0 6100-6200 80
7000-7100 0 0 6200-6300 60
7100-7200 0 0 6300-6400 60
7200-7300 0 0 6400-6500 50
7300-7400 0 0 6500-6600 100
7400-7500 15 0 6600-6700 30
7500-7600 60 0 6700-6800 60
7600-7700 10 0 6800-6900 0
7700-7800 0 0 6900-7000 0
7800-7900 0 0 7000-7100 0
7900-8000 10 0 7100-7200 0
8000-8100 50 0 7200-7300 0
8100-8200 0 0 7300-7400 0
7400-7500 0
Standard Gulf Land D- 7500-7600 0
5 7600-7700 0
A B c 7700-7800 10
7800-7900 10
2100-2200 40 7900-8000 0
2200-2300 70 8000-8100 0
2300-2400 50 8100-8200 0
2400-2500 70 8200-8300 20
2500-2600 70 0 8300-8400 40
2600-2700 70 0 8400-8500 60
2700-2800 70 0 8500-8600 30
2800-2900 60 0 8600-8700 0
2900-3000 50 0 8700-8800 20




























































Mineral analysis of powder X-rav diffraction data
The relative mineral composition of bulk cuttings was determined using proceedures 
documented in Cook et al., 1979, and the following mineral table:
Window Intensity














The relative mineral composition of sandstones and shales hand picked from cuttings, as well as side 
wall core samples was determined using the table below:
Window Intensity












Because of the interference between dolomite and analcime peaks the data were run twice, once with 
dolomite in the mineral table and once without dolomite in the mineral table.
209
2 1 0
Results of XRDPHIL (Bulk Cuttings) Well: BV 14, West Hackberry Field Cameron Parish,LA.
Depth (ft) Quartz K-feldspar Plag. Calcite Pyrite Siderite Clay Anal.
(%) <%) (%) (%) (%) (%) (%) (%)
-5000 84 0 13 3 0 0 0 0
-5270 69 11 3 16 1 0 0 0
-5300 79 5 4 11 2 0 0 0
-5330 71 6 1 17 2 0 3 0
-5360 53 8 2 26 4 0 7 0
-5390 69 4 4 14 3 0 7 0
-5420 55 18 10 15 2 0 0 0
-5450 63 11 5 16 1 0 3 0
-5480 63 2 3 12 2 0 17 0
-5510 49 5 5 38 3 0 0 0
-5540 40 8 5 39 2 0 6 0
-5570 55 12 3 26 3 0 0 0
-5600 32 8 2 49 4 0 4 0
-5630 36 5 3 45 6 0 5 0
-5690 41 4 3 18 4 0 30 0
-5720 41 8 2 20 2 0 25 0
-5030 84 8 0 7 0 0 0 0
-5060 76 7 0 15 2 0 0 0
-5090 69 4 2 8 1 0 16 0
-5120 71 4 2 12 3 0 8 0
-5180 65 9 7 16 2 0 0 0
-5210 62 4 3 19 2 0 11 0
-5240 75 7 2 14 2 0 0 0
-5750 35 5 2 24 7 0 26 0
-5780 46 7 3 31 3 0 9 0
-5810 47 5 5 38 5 0 0 0
-5840 43 15 3 28 3 0 9 0
-5880 42 15 0 36 2 0 4 0
-5900 53 10 0 31 2 0 5 0
-5930 32 6 4 56 1 0 0 0
-5990 36 10 1 44 3 0 5 0
-6020 35 3 1 53 4 0 4 0
-6050 35 4 1 46 5 0 9 0
-6080 28 4 4 37 9 0 18 0
-6110 34 0 0 34 7 0 24 0
-6140 23 2 3 35 8 0 29 0
2 11
Results of XRDPHIL (Bulk Cuttings) Well: BV 14, West Hackberry Field Cameron Parish,LA.
Depth (ft) Quartz K-feldspar Plagioclase Calcite Pyrite Siderite Clay Anal
(%) (%) (%) (%) (%) (%) (%) (%)
-6170 23 0 7 34 6 0 31 0
-6200 42 4 3 20 7 0 25 0
-6230 46 0 4 21 3 0 26 0
-6260 44 3 4 21 4 0 24 0
-6290 29 4 3 18 3 1 42 0
-6320 24 2 2 21 2 1 47 0
-6350 30 4 2 22 1 0 41 0
-6380 26 4 2 22 2 0 44 0
-6410 26 2 2 25 3 0 42 0
-6440 25 1 1 23 1 1 47 0
-6470 21 2 2 32 2 1 40 0
-6500 24 2 0 29 3 43 0
-6530 25 1 2 29 2 1 40 0
-6560 23 0 3 26 3 1 45 0
-6590 30 0 3 24 3 40 0
-6650 27 0 3 15 3 1 51 0
-6680 30 4 5 16 1 1 43 0
-6710 32 4 4 18 2 1 38 1
-6740 37 0 11 15 2 1 32 2
-6770 47 9 11 10 3 1 18 1
-6800 45 6 7 14 4 1 22 2
-6830 37 10 10 14 1 25 3
-6860 34 8 9 19 4 1 22 3
-6890 43 9 16 14 2 1 10 5
-6920 39 12 10 13 2 18 4
-6950 36 5 6 11 3 1 35 4
-6980 35 8 10 19 0 1 23 4
-7000 31 11 9 12 0 2 31 4
2 1 2
Results of XRDPHIL (Bulk Cuttings) Well: BV 15, West Hackberry Field Cameron Parish,LA.
Depth (ft) Quartz K-feldspar Plagioclase Calcite Pyrite Siderite Clay Anal.
(%) (%) (%) (%) (%) (%) (%) (%)
-5000 54 5 2 22 7 0 10 0
-5030 52 5 1 14 5 0 23 0
-5060 79 8 3 4 2 0 4 0
-5090 84 5 1 8 2 0 0 0
-5120 83 9 1 5 2 0 0 0
-5150 82 7 5 5 2 0 0 0
-5150 88 6 1 3 2 0 0 0
-5210 82 10 2 4 2 0 0 0
-5240 67 10 4 11 2 0 6 0
-5270 71 11 6 11 1 0 0 0
-5300 64 8 4 21 2 0 0 0
-5330 73 8 3 14 3 0 0 0
-5360 77 5 4 11 2 0 0 0
-5390 58 10 6 17 6 0 4 0
-5420 38 0 4 36 8 0 14 0
-5450 64 15 10 5 2 0 4 0
-5480 73 19 6 1 1 0 0 0
-5510 58 15 4 21 1 0 0 0
-5540 57 11 4 27 2 0 0 0
-5570 49 10 5 35 1 0 0 0
-5600 57 12 5 23 2 0 0 0
-5630 45 11 12 25 6 0 0 0
-5690 42 14 5 22 8 0 9 0
-5720 46 8 5 34 4 0 4 0
-5750 27 8 3 27 5 0 30 0
-5780 29 12 5 25 4 0 25 0
-5810 33 3 4 25 2 0 32 0
-5840 44 7 8 37 3 1 0 0
-5870 45 8 13 29 2 0 3 0
-5900 55 7 3 19 1 0 15 0
-6010 35 7 0 51 6 1 0 0
-6191 44 11 4 27 3 0 11 0
-6220 42 8 4 35 3 1 8 0
-6250 53 4 4 28 6 0 5 0
-6280 42 6 3 34 5 0 9 0
-6300 51 3 3 22 2 0 19 1
2 1 3
Results ofXRDPHIL (Bulk Cuttings) Well: BV 15, West Hackberry Field Cameron Parish,LA.
Depth (ft) Quartz K-feldspar Plagioclase Calcite Pyrite Siderite Clay Anal
(%) (%) <%) (%) (%) (%) (%) (%)
-6330 32 4 3 34 3 0 22 0
-6360 37 4 3 27 2 0 26 0
-6390 65 4 3 10 2 0 15 0
-6420 43 8 0 12 3 1 34 0
-6450 29 0 3 16 2 0 50 0
-6510 31 3 0 10 1 1 55 0
-6540 35 6 5 16 4 0 34 0
-6570 31 4 0 20 4 0 41 0
-6600 36 4 2 18 4 0 36 0
-6630 32 3 0 22 2 0 42 0
-6650 28 0 5 10 3 0 53 0
-6680 21 0 2 6 1 1 70 0
-6710 23 3 3 3 0 1 67 0
-6740 26 3 0 8 0 1 62 0
-6770 24 5 0 8 1 1 61 0
-6800 26 0 3 3 1 1 66 0
-6830 24 5 7 8 1 1 55 0
-6860 39 3 0 10 1 1 46 0
-6890 36 4 6 7 3 44 0
-6920 26 5 0 14 1 1 53 0
-6950 36 0 7 7 2 1 46 2
-6980 33 4 6 3 1 1 52 1
-7025 28 6 6 2 0 58 0
-7151 34 6 6 3 0 1 48 3
-7235 32 11 6 8 0 1 39 4
-7255 32 6 9 5 0 1 44 3
-7285 31 6 7 17 0 2 33 3
-7315 38 0 9 12 0 2 32 6
-7360 41 6 10 10 1 1 23 7
2 1 4




































































































































Depth (ft) Dolomite Barite Siderite Pyrite Clay
(%) (%) (%) (%) (%)
-5240 12 0 0 1 0
-5420 0 0 0 1 0
-5510 0 0 0 1 0
-5630 0 0 0 1 2
-5780 0 1 0 2 0
-5880 0 1 0 2 0
-5990 0 0 0 0 0
-6020 0 0 0 0 0
-6080 0 0 0 1 0
-6170 0 0 0 1 0
-6290 1 1 0 1 0
-6380 0 0 0 1 0
-6470 1 1 0 2 0
-6590 1 1 0 1 0
AVG 1 0 0 1 0
MAX 12 1 0 2 2
MIN 0 0 0 0 0
STD DEV 3 1 0 1 0
O ligocene:
Depth (ft) Analcime Siderite Pyrite Clay Calcite
(%) (%) (%) (%) (%)
-6680 1 0 2 7 29
-6770 5 0 1 5 20
-6830 3 0 1 3
-6830 6 0 1 5
-6860 3 0 1 0 23
-6890 4 0 0 0
-6890 6 0 0 0 21
-6920 3 0 6 3
-6920 4 0 0 0 24
-6950 3 0 0 0 25
-6950 7 1 0 0 21
-6980 4 0 0 0
-6980 4 0 0 0 26
-7000 5 3 0 3 27
-7000 7 2 0 0 25
AVG 4 0 1 2 24
MAX 7 3 6 7 29
MIN 1 0 0 0 20




















Results of XRDPHIL (Sandstones hand picked from cuttings) Well: BV 15, West Hackberry Field
Cameron Parish,LA.
M iocene  










-5390 38 4 3 54
-5600 39 5 4 51
-5600 39 11 5 44
-5720 30 5 9 51
-5870 37 7 5 49
-5900 39 6 7 46
-6010 36 5 5 50
-6191 37 6 4 47
-6220 39 4 5 47
AVG 37 6 5 49
MAX 39 11 9 54
MIN 30 4 3 44
STDEV 3 2 2 3
Depth (ft) Dolomite Barite Siderite Pyrite Clay Calcite
(%) (%) (%) (%) (%) (%)
-5240 0 0 0 0 0 37
-5390 0 0 0 1 0 40
-5600 0 1 0 1 0 39
-5720 4 0 0 1 0 41
-5870 0 0 0 2 0 42
-5900 0 0 0 1 0 41
-6010 0 1 0 3 0 39
-6191 0 1 0 1 3 39
-6220 0 0 0 1 4 39
AVG 0 0 0 1 1 40
MAX 4 1 0 3 4 42
MIN 0 0 0 0 0 37
STDEV 1 1 0 1 1 1
Results of XRDPHIL (Sandstones hand picked from cuttings) Well: BV 15, West Hackberry Field
Cameron Parish,LA.
O ligocene
Depth (ft) Quartz K-Feldspar Plagioclase Calcite
(%) (%) (%) (%)
-7285 30 5 6 54
-7315 30 6 10 46
-7360 40 7 4 39
AVG 33 6 7 46
MAX 40 7 10 54
MIN 30 5 4 39
STDEV 5 1 3 7
Depth (ft) Analcime Siderite Pyrite Clay Calcite
(%) (%) (%) (%) (%)
-7285 3 1 0 0 40
-7315 4 1 0 0 32
-7360 3 1 1 3 28
AVG 3 1 1 1 33
MAX 4 1 1 3 40
MIN 3 1 0 0 28
STDEV 1 0 1 2 6
Appendix 4
Mineral analysis of clav smear X-rav diffraction data
The relative mineral composition of the less than 2pm size fraction of 
mudstones was determined using the semiquantitative proceedures documented in 
Schultz (1964) and modified to account for theta compensating slit using the program 
THQUAN:
Input: 7A peak height X 0.219
7A peak area X 0.219 
10A EG peak area X 0.1537 
10A 300°C peak height 
10A 300°C peak area X 0.1537 
14A 550°C peak height X 0.11 
I l k  EG peak height X 0.0906
Program Code:
1) Correct i k  peak area = 7A  peak area/1.4
2) Percent Kaolinite + Chlorite =
[(corrected 7A  peak area)/corrected 7A  peak area + 10A 300°C peak area)] x
100
3) Percent Chlorite =
(%Kaol.+Chl) x (14A 550°C peak height/1.5(7A peak height))
4) Percent Kaolinite = % Kaol. + Chi. - % Chi
5) Percent Illite:
(10A EG peak area/corrected 7A  peak area + 10A 300°C peak area)(100)
6) Percent montmorillonite=
((17A EG peak height/4.5 (10 A 300°C peak height))(100 - % Kaol. - % Chi)
7) Percent mixed-layer clay =
100 - (%Kaol. + %Chl. + %Illite + % Montmorillonite)
(Schultz, 1964)
Total percent illite and smectite was calculated assuming mixed-layer clays are 
comprised of 80% expandable layers (smectite) and 20% non-expandable layers (illite).
218
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Results from THQUAN, mineral analysis of less than 2|im size fraction,
BV 14 and 15, West Hackberry Field, Cameron Parish, LA.
Kaol. = Kaolinite 
Chi. = Chlorite 
Mixed=Mixed-layer
II = Illite 11 + 20 = Illite + 20% Mixed-layer
Sm =Smectite Sm + 80 = Smectite + 80% Mixed-layer
Depth(ft) Kaol. Chi. Mixed D Sm. 11+20 Sm+80
(%) (%) (%) (%) (%) (%) (%)
14
-6080 15 0 41 12 32 20 64
-6170 4 0 43 7 46 15 80
-6290 15 0 44 16 25 24 60
-6380 15 0 45 12 28 21 64
-6470 16 0 51 9 24 19 64
-6680 12 0 39 9 40 16 71
-6770 10 0 36 10 44 17 72
-6830 9 0 33 11 47 17 73
-6890 9 0 45 7 39 16 75
-6920 9 0 28 16 47 21 69
-6980 5 0 48 6 41 15 79
-7000 7 0 45 6 42 15 78
5
-5240 16 0 18 7 59 11 73
-6190 8 0 52 5 35 15 77
-6220 11 0 51 6 32 16 73
-7315 5 0 50 5 40 15 80
-7360 6 0 41 7 46 15 79
Appendix 5
Results of ICP analysis HCL soluble minerals: B. Vincent 14, Hand picked 
sandstones. % = HCL soluble portion of sandstone samples.
Depth % Ca Mg
(ft) (ppm) (PPm)
-5240 48 225214 17374
-5420 45 350689 6172
-5510 43 334651 7023
-5630 42 346640 7797
-5780 43 281271 4243
-5880 43 359885 5340
-5990 41 327573 5567
-6020 40 352618 6471
-6170 39 357410 7302
-6290 41 347125 6540
-6380 43 360606 6501
-6470 44 347115 7393
-6590 34 342617 8431
-6680 29 333838 7460
-6770 20 313907 7887
-6860 23 357928 7413
-6890 21 319268 6349
-6920 24 318513 5958
-6950 25 358933 6765
-6950 21 322888 8475
-6980 26 331392 6207
-7000 27 307273 7164
-7000 25 302305 7119
Depth Mn Fe Sr Ba
(ft) (ppm) (ppm) (ppm) (ppm)
-5240 823 1149 125 254
-5420 1590 1059 241 1653
-5510 1429 731 200 633
-5630 1733 1141 209 700
-5780 1013 1081 144 230
-5880 1260 1155 306 4472
-5990 1260 554 147 913
-6020 1141 984 170 1911
-6080 1479 843 160 751
-6170 1269 936 217 1905
-6290 1415 2361 190 731
-6470 1291 3450 226 767
-6590 1480 3585 240 2144
-6680 1592 7394 301 3721
-6770 1553 9179 159 2133
-6860 1679 4086 312 1000
-6890 2376 6182 215 504
-6920 2449 6608 190 148
220
Depth Mn Fe Sr Ba
(ft) (ppm) (ppm) (ppm) (ppm)
-6950 2337 7421 227 111
-6950 2258 11889 237 478
-6980 2412 3955 209 205
-7000 1828 51115 268 248
-7000 2136 41076 294 288
Depth Si A1 Na K
(ft) (ppm) (ppm) (ppm) (ppm)
-5240 181 297 1004 542
-5420 3404 2540 1440 1379
-5510 1500 1152 981 1116
-5630 224 416 999 659
-5780 465 562 1451 1249
-5880 2828 2107 1451 1701
-5990 457 410 980 623
-6020 2569 1551 1030 972
-6080 681 678 1039 1191
-6170 1669 1333 1174 1319
-6290 7392 5054 1541 2372
-6380 3333 2242 1891 1842
-6470 5972 3870 1395 1709
-6590 6541 5604 3848 6334
-6680 9104 8557 7564 11275
-6770 4735 10427 18086 7384
-6860 1366 4369 9182 6923
-6890 2166 8376 11454 2866
-6920 2085 7136 9767 2420
-6950 947 3691 6967 2853
-6950 6513 16120 17180 4255
-6980 1463 4452 6808 2287
-7000 1697 5160 10392 3564
-7000 7055 13580 16143 5480
2 2 2
Results of ICP: B.Vincent 14, Black Calcites
Depth % Ca Mg
(ft) (ppm) (ppm)
-5780 91 364581 2669
-5880 93 369413 2905
-5990 94 363466 3105
-6890 87 367106 2208
-6920 97 363455 3671
-6950 95 372098 2535
-6980 94 373109 3067
Depth Mn Fe Sr Ba
(ft) (ppm) (ppm) (ppm) (ppm)
-5780 1197 2470 686 500
-5880 1503 1435 585 122
-5990 1601 1431 528 341
-6890 745 719 642 35
-6920 2164 2286 551 75
-6950 916 907 703 43
-6980 1358 1748 515 45
2 2 3
Results of ICP: B.Vincent 15. Hand picked sandstones
Depth % Ca Mg
(ft) (ppm) (ppm)
-5240 37 363576 7291
-5390 40 347688 6713
-5600 40 352525 8213
-5600 39 355465 7616
-5720 41 346556 7930
-5870 42 335597 6765
-5900 41 322540 7183
-6010 39 346888 6444
-6191 39 359874 6501
-6220 39 355712 7227
-7285 40 311905 4996
-7315 32 291280 5219
-7360 28 328747 7206
Depth Mn Fe Sr Ba
(ft) (ppm) (ppm) (ppm) (ppm)
-5240 615 1271 272 796
-5390 1169 1186 184 1212
-5600 1731 764 244 1619
-5720 1588 936 236 1054
-5870 1339 1131 228 1088
-5900 1420 958 220 730
-6010 1547 1243 295 4683
-6191 1513 1166 279 3989
-6220 1337 1017 271 3737
-7285 2011 14023 263 194
-7315 3793 19184 145 239
-7360 3538 30381 252 686
Depth Si A1 Na K
(ft) (ppm) (ppm) (ppm) (ppm)
-5240 2305 1385 1506 1417
-5390 1770 1369 489 1295
-5600 5884 4789 1214 896
-5600 1500 1117 1080 1023
-5720 1237 869 1093 1059
-5870 1862 1518 1300 1663
-5900 1705 1363 1025 1465
-6010 1674 1260 1376 1563
-6191 1912 1396 1250 1887
-6220 1220 1018 1062 1566
-7285 589 2065 4629 3521
-7315 731 3300 6342 1927
-7360 1117 3238 6443 2943
2 2 4
Results of ICP:White Fibrous Calcite
Depth % Ca Mg
(ft) (ppm) (ppm)
-5390 98 371179 3113
Mn Fe Sr Ba
(ppm) (ppm) (ppm) (ppm)
2165 60 148 14
Appendix 6
Plots of ICP results for HCl soluble components of sandstones versus mineral 
























Relative mineral composition of Camerina sands. West Hackberrv. as determined from 
petrographic analysis (from report supplied bv Mobil Exploration and Production).
B. Vincent 14
Depth Quartz Feldspar Mica Rx Frag Clay balls
(ft) (%) (%) (%) (%) (%)
-6793 33 20 2 18 1
-6785 42 23 1 16 1
-6776 30 26 2 19 1
-6768 37 22 1 15 0
-6759 31 10 3 18 0
-6748 34 17 0.2 15 0.2
-6744 24 20 0.2 20 0
-6743 39 7 0.2 14 0
-6740 42 15 2 20 0
Depth Shale Forams Glauconite Heavy Organic
(ft) Frag. (%) (%) (%) Minerals (%) (%)
-6793 0.2 0.2 0.2 0.2 0.2
-6785 1 0.2 0.2 0.2 0.2
-6776 1 0 0.2 1 0.2
-6768 3 0.2 0.2 0 0.2
-6759 0 0.2 0.2 0 0.2
-6748 5 0 0.2 0 6
-6744 0 0 0 0 8
-6743 0 0 0 0 1
-6740 0 0 0.2 0 0.2
Depth Detrital Authigenic Calcite Dolomite
(ft) Clay (%) Clay (%) (%) (%)
-6793 13 3 0 0
-6785 8 4 0 0
-6776 10 4 0.2 0.2
-6768 8 3 0 0
-6759 22 3 4 0.2
-6748 5 4 0 0
-6744 4 3 0 1
-6743 2 3 24 3
-6740 8 4 0 0
Depth Iron (%) Anacime (%) Pyrite (%) Silica (%) Porosity (%)
(ft) Oxide
-6793 0.2 10 0.21 0 23
-6785 0.2 3 0.21 1 28
-6776 1 2 2 1 30
-6768 1 8 1 1 25
-6759 1 6 2 0.2 15
-6748 4 5 2 3 22
-6744 5 10 4 1 15
-6743 3 2 2 0 14
-6740 1 5 3 0.2 19
227
Appendix 8
Pore fluid pressures were calculated from sediment resistivity values recorded on electric well logs .using 
the method documented in George (1965)
Well Depth Interval Rsh Geostatic ratio Fluid P
Name (ft) Thickness (George, 1965) (PSI)
JBW #3 -7310 50 0.65 0.518 3787
-7450 40 0.7 0.571 4254
-7750 90 0.8 0.518 4015
-8150 50 0.7 0.597 4866
BV #14 -3470 50 0.9 0.46 1596
-4235 45 0.7 0.46 1948
-4480 45 0.9 0.46 2061
-5955 75 0.8 0.46 2739
-6220 140 0.8 0.46 2861
-6400 110 0.8 0.46 2944
-6550 50 0.7 0.46 3013
-6850 50 0.7 0.518 3548
BV #15 -3470 50 0.85 0.46 1596
-4175 35 0.6 0.46 1921
-4250 40 0.6 0.46 1955
-4900 60 0.8 0.46 2254
-6240 50 0.8 0.46 2870
-6430 75 0.7 0.46 2958
-6660 115 0.6 0.571 3803
-6945 55 0.6 0.597 4146
BV #16 -3300 50 0.7 0.46 1518
-3950 50 0.6 0.46 1817
-4990 60 0.6 0.46 2295
-5460 90 0.7 0.46 2512
-5670 80 0.65 0.46 2608
AGL #45 -3575 65 0.9 0.46 1645
-4615 50 0.8 0.46 2123
-6400 55 0.8 0.46 2944
-6630 90 0.6 0.571 3786
-7510 75 0.6 0.623 4679
-8100 0.90 0.46 3726
JBW #24
-4700 100 0.85 0.46 2162
-6450 50 0.9 0.46 2967
-7520 50 0.6 0.623 4685
-8050 70 0.7 0.571 4597
-8460 60 0.7 0.623 5271
































































































































































































Depth Interval Rsh Geostatic ratio Fluid P
(ft) Thickness (George, 1965) (PSI)
-7210 80 0.55 0.675 4867
-7350 50 0.58 0.623 4579
-7750 50 0.65 0.623 4828
-7900 60 0.7 0.597 4716
-8150 50 0.7 0.594 4841
-8520 70 0.6 0.675 5751
-9200 50 0.85 0.549 5051
-9560 30 0.8 0.594 5679
-9640 20 0.7 0.675 6507
-7350 50 0.65 0.6 4410
-7850 50 0.75 0.571 4482
-8000 70 0.75 0.571 4568
-8350 50 0.8 0.54 4509
-8850 50 0.9 0.518 4584
-7820 70 0.55 0.623 4872
-7920 70 0.55 0.7 5544
-8130 50 1 0.46 3740
-8450 50 0.8 0.518 4377
-8600 50 1.2 0.46 3956
-7050 50 0.55 0.675 4759
-7220 60 0.5 0.725 5235
-7460 90 0.7 0.571 4260
-7785 65 0.5 0.725 5644
-8360 90 0.7 0.623 5208
-7300 50 0.65 0.597 4358
-7370 80 0.7 0.571 4208
-7820 80 0.8 0.518 4051
-8000 100 0.7 0.597 4776
-8250 50 0.8 0.554 4571
-8790 50 0.85 0.571 5019
-9150 100 0.6 0.725 6634
-9300 50 0.5 0.779 7245
-6600 50 0.9 0.46 3036
-6860 60 0.7 0.518 3553
-6990 50 0.7 0.518 3621
-7260 80 0.8 0.518 3761
-7450 100 0.65 0.597 4448
-7890 50 0.8 0.518 4087













































Calculation of pore fluid salinities and temperatures from electric well logs
Salinities of pore fluids were calculated using the algorithm Bateman and 
Konen, 1977 by measuring the SP response of sediments recorded by electric well 
logs:
Temperatures were determined for wells within the study area from bottom hole 
temperatures recorded on log headers assuming a linear temperature gradient and 
correcting for cooling effects of mud circulation using the methods documented in 
Kehle, 1971.
Results of salinity and temperature calculations bv well
B. Vincent 14
Depth Temp.°F Temp. °C SSP Salinity
(ft) (uncorr.) (corrected) (mv) (ppm)
-1900 91 37 68 52601
-2121 94 39 68 51899
-2295 96 41 68 51357
-2445 98 42 68 50897
-2800 102 46 76 54724
-3035 105 48 76 53967
-3355 109 51 78 56750
-3905 116 56 85 68551
-4310 121 60 95 87332
-4630 124 63 96 88043
-4750 126 64 100 95761
-4955 128 65 100 94865







-6780 151 81 80 61683
B. Vincent 15
Depth Temp.°F Temp. °C SSP Salinity
(ft) (uncorr.) (corrected) (mv) (ppm)
-2245 93 39 60 46283
-2490 96 42 72 58490
-2845 100 45 80 73685
-3010 102 46 84 81528
-3785 110 53 84 78779
-3965 112 54 96 103344
-4325 116 57 98 106086
-4820 122 61 100 108237
-4960 123 63 100 107674
-5355 128 66 100 106098
-5655 131 68 100 104915
-5735 132 69 96 96451
-6155 137 72 100 102972









Depth Temp.°F Temp. °C SSP Salinity
(ft) (uncorr.) (corrected) (mv) (ppm)
-2350 97 42 88 116234
-2640 100 44 84 106479
-2855 103 46 84 105617
-3130 106 49 88 112999
-3570 112 53 108 150491
-4110 119 58 100 133273
-4170 119 58 100 133021
-4365 122 60 104 139830
-6017 142 75
B. Vincent 10
Depth Temp.°F Temp. °C SSP Salinity
(ft) (uncorr.) (corrected) (mv) (ppm)














Depth Temp.°F Temp. °C SSP Salinity
(ft) (uncorr.) (corrected) (mv) (ppm)
-1260 88 33 90 96427
-2100 101 43 105 123658
-2530 108 48 100 110572
-2920 114 52 105 118654
-3490 123 54 105 115272
-4520 139 70 120 138311
-5030 147 76 120 135345
-5300 151 78 120 133791
-5530 154 81 120 132475
-5890 161 85 120 130434
-6140 165 87 135 154725
-6660 173 93 135 151894
-6850 176 95 120 125099
-8391 200 110


























































































































































Depth Temp.°F Temp. °C SSP Salinity
(ft) (uncorr.) (corrected) (mv) (ppm)













Depth Temp.°F Temp. °C SSP Salinity
(ft) (uncorr.) (corrected) (mv) (ppm)
-160 70 21 20 4205
-340 73 23 10 2107
-740 79 27 40 12207
-950 82 30 50 19171
-1125 85 31 60 29199
-1778 95 39
Gulf Land 45
Depth Temp.°F Temp. °C SSP Salinity
(ft) (uncorr.) (corrected) (mv) (ppm)
-1880 89 36 30 69404
-2260 93 40 36 81635
-2810 99 44 45 100122
-3110 103 47 52 114474
-3360 106 49 52 113920
-4440 118 58 45 96996
-4555 119 59 57 121560
-4750 121 61 60 127109
-4980 124 63 57 120604
-5170 126 64 57 120181
-5595 131 68 56 117248
-5945 135 70 57 118482
-6215 138 73 55 113936
-6490 141 75 54 111379
-7875 156 85 63 125846
-7985 158 87 63 125607
-8292 161 89
J.B. Watkins 10
Depth Temp.°F Temp. °C SSP Salinity
(ft) (uncorr.) (corrected) (mv) (ppm)
-2370 92 39 80 61681
-2770 96 42 80 60274
-3560 104 48 70 39018
-5130 119 61 110 101788
-5460 123 63 120 120957
-5800 126 66 110 99119
-6075 129 67 110 98041
-6590 134 71 115 106204
-6775 136 73 110 95343
-7070 139 75 120 114303
-9000 158 88 120 106690
-9230 160 89 130 130094
-9173 160 89
J.B. Watkins 11
Depth Temp.°F Temp. °C SSP Salinity
(ft) (uncorr.) (corrected) (mv) (ppm)
-2260 93 39 100 105674
-2600 96 42 90 82534
-3400 105 49 100 100787
-4200 114 56 130 156390
-4340 115 57 130 155792
-4600 118 59 130 154681
-4950 122 62 130 153188
-5650 130 67 130 150214
-5780 131 68 130 149664
-5880 132 69 130 149241
-5960 133 70 130 148902
-6370 137 73 130 147174
-6640 140 75 130 146039
-7050 145 78 130 144323
-9000 166 92 120 117989
-9688 168 94
J.B. Watkins 12
Depth Temp.°F Temp. °C SSP Salinity
(ft) (uncorr.) (corrected) (mv) (ppm)
-2675 95 41 100 110801
-3040 99 44 110 130358
-3250 101 46 110 129500
-4390 112 55 120 144374
-4625 114 57 115 133918
-4965 118 59 115 132569
-5150 120 61 120 141370
-5570 124 64 120 139723
-5840 127 66 120 138670
-6000 128 67 125 147153
-6370 132 70 120 136615
-6750 136 73 120 135152
-7155 140 76 120 133603
-9157 160 89
-9200 161 90 120 128504
Watkins 13
Depth Temp.°F Temp. °C SSP Salinity
(ft) (uncorr.) (corrected) (mv) (ppm)
-3020 98 44 100 100800
-3650 104 49 125 149139
-4290 111 54 125 146539
-4740 115 58 125 144720
-5005 118 59 120 134194
-5220 120 61 120 133325
-5810 126 65 135 157968
-6215 130 68 120 129348
-6540 133 70 128 143036
-7050 138 74 125 135544
-7420 142 76 135 151838
-9270 159 88 105 92941
-9524 160 89
Watkins 14
Depth Temp.°F Temp. °C SSP Salinity
(ft) (uncorr.) (corrected) (mv) (ppm)
-2330 98 42 100 144415
-2890 105 47 110 159897
-3240 110 51 115 166538
-4400 124 62 120 169454
-4650 128 64 130 182127
-4990 132 67 130 180901
-5170 134 69 130 180250
-5705 141 74 140 190065
-5890 144 75 130 177639
-6040 146 77 140 188978
-6420 151 80 140 187738
-6800 155 83 150 196563
-7210 161 87 140 185137
-9350 188 105 130 123073
-9502 190 106
J.B. Watkins 15
Depth Temp.°F Temp. °C SSP Salinity
(ft) (uncorr.) (corrected) (mv) (ppm)
-2450 91 39 82 96570
-2740 94 41 90 113050
-3670 103 48 82 92804
-3975 106 50 90 108949
-4535 111 55 105 137636
-4800 114 57 105 136730
-5285 118 60 105 135084
-5920 124 65 105 132952
-6210 127 67 105 131987
-6640 131 70 105 130565
-7000 135 72 112 142426
-7500 139 75 105 127758
-7730 141 77 112 140043
-9040 154 86 117 144665
-9428 160 89
J.B.Watkins 15-X
Depth Temp.°F Temp. °C SSP Salinity
(ft) (uncorr.) (corrected) (mv) (ppm)
-2440 93 39 100 101914
-2740 96 42 105 111532
-3970 108 52 100 95865
-4510 114 56 115 125020
-4800 117 58 120 133725
-5290 121 62 120 131699
-5520 124 64 117 124863
-5940 128 67 115 119177
-6230 131 69 120 127865
-6640 135 72 120 126215
-6950 138 74 120 124976
-7450 143 78 120 122997
-9300 162 90
J.B.Watkins 16
Depth Temp.°F Temp. °C SSP Salinity
(ft) (uncorr.) (corrected) (mv) (ppm)
-2090 90 37 80 60773
-2880 99 44 100 87508
-4290 114 56 120 123514
-4480 116 57 120 122643
-5495 127 65 120 118056
-5870 131 68 120 116392
-6575 138 73 130 132730
-7290 146 79 130 129584
-8850 162 89 110 84444
-9238 166 92
J.B. Watkins 17
Depth Temp.°F Temp. °C SSP Salinity
(ft) (uncorr.) (corrected) (mv) (ppm)
-2235 93 39 92 70125
-3525 108 51 104 90063
-3770 110 53 110 101683
-4180 115 56 115 110259
-4360 117 58 110 98964
-5070 125 64 120 116305
-5250 126 65 115 105262
-5490 130 67 115 104166
-5825 133 70 115 102652
-6120 137 72 115 101334
-6720 143 77 120 108675
-8525 164 90 120 100781
-8650 165 91 100 62509
-8901 168 93
J.B. Watkins 19
Depth Temp.°F Temp. °C SSP Salinity
(ft) (uncorr.) (corrected) (mv) (ppm)
-2340 92 39 70 58118
-3068 99 45 90 85611
-4152 110 54 95 92338
-4694 116 58 110 121580
-5112 120 61 105 109671
-5494 124 64 90 77355
-5784 127 66 110 117252
-6136 131 68 110 115881
-6432 134 71 110 114738
-6506 134 71 90 74158
-6840 138 74 110 113178
-6930 139 75 100 92735
-7000 140 75 100 92492
-7070 140 75 120 131716
-7250 142 77 110 111627
-9394 164 91
J.B. Watkins 2
Depth Temp.°F Temp. °C SSP Salinity
(ft) (uncorr.) (corrected) (mv) (ppm)
-2230 90 38 105 102396
-2760 95 42 100 89306
-3655 104 49 110 107235
-4130 109 52 120 126079
-5050 118 59 140 159267
-5500 122 63 130 139760
-5670 124 64 130 139048
-5750 125 65 130 138714
-6050 128 67 130 137463
-6780 135 72 130 134442
-9137 160 89
J.B. Watkins 21
Depth Temp.°F Temp. °C SSP Salinity
(ft) (uncorr.) (corrected) (mv) (ppm)
-2330 91 38 42 62656
-2880 96 43 40 57826
-3250 100 46 50 77722
-3630 104 49 64 106863
-4680 114 57 60 95955
-5035 117 59 60 95182
-5480 122 62 66 106676
-5770 124 64 68 110111
-6120 128 67 60 92879
-6460 131 69 60 92175
-6770 134 72 64 99666
-6925 136 73 62 95276
-7030 137 74 68 107182
-7240 139 75 64 98652
-8775 154 86 60 87598
-9408 170 94
J.B. Watkins 23
Depth Temp.°F Temp. °C SSP Salinity
(ft) (uncorr.) (corrected) (mv) (ppm)
-2840 94 41 80 98340
-3190 97 44 92 123069
-3505 100 46 94 126220
-4725 111 55 97 128464
-5090 114 58 100 133262
-5340 116 59 108 147549
-5785 120 62 100 131097
-5985 122 64 108 145549
-6320 125 66 108 144516
-6590 127 68 104 136290
-6780 129 69 100 128050
-7335 134 73 100 126377
-9135 151 84 90 101560
-9275 152 85
J.B. Watkins 24
Depth Temp.°F Temp. °C SSP Salinity
(ft) (uncorr.) (corrected) (mv) (ppm)
-2715 98 43 68 98467
-2835 99 44 60 80908
-2940 100 45 72 106420
-4505 118 58 82 122345
-4590 119 59 100 155806
-5210 125 64 96 146798
-5590 130 67 90 134505
-5790 132 69 94 141293
-6140 136 71 96 143772
-6575 140 75 100 149373
-6750 142 76 100 148815
-7110 146 79 100 147673
-8350 160 88 90 125867
-9040 168 93 110 157944
-9160 168 93 110 140505
-9179 168 93
J.B. Watkins 3
Depth Temp.°F Temp. °C SSP Salinity
(ft) (uncorr.) (corrected) (mv) (ppm)
-2330 91 38 100 104126
-2690 95 42 110 124117
-2840 96 43 105 112883
-2930 97 44 105 112513
-4780 116 58 120 135541
-5175 120 61 130 152320
-5640 124 64 120 132049
-5855 127 66 120 131184
-6030 128 67 120 130483
-6270 131 69 125 138978
-6590 134 71 120 128255
-6760 136 72 125 137035
-7020 138 74 125 136010
-9215 164 91
J.B. Watkins 4
Depth Temp.°F Temp. °C SSP Salinity
(ft) (uncorr.) (corrected) (mv) (ppm)
-2240 89 37 80 60360
-2590 92 40 90 67905
-3090 97 43 100 87470
-3390 99 46 110 107952
-3660 102 48 100 85415
-4290 108 52 120 125320
-4510 110 54 115 114108
-4640 111 55 120 123910
-4840 113 56 117 116957
-5050 115 58 115 111985
-5400 118 60 115 110625
-5800 122 63 120 119309
-5985 123 64 130 138159
-6130 125 65 120 118021
-6485 128 67 120 116647
-6860 131 70 120 115207
-9140 166 92
. Watkins 5
Depth Temp.°F Temp. °C SSP Salinity
(ft) (uncorr.) (corrected) (mv) (ppm)
-2430 90 38 85 93568
-2790 93 41 80 81599
-2910 94 42 82 85568
-4515 109 54 90 97900
-5325 116 59 115 145637
-5815 120 63 110 134606
-6180 124 65 100 113513
-6625 128 68 120 150258
-6770 129 69 120 149786
-6960 131 70 110 130816
-7260 134 72 120 148196
-7600 137 74 110 128730
-9092 150 83
J.B. Watkins 7
Depth Temp.°F Temp. °C SSP Salinity
(ft) (uncorr.) (corrected) (mv) (ppm)
-2270 89 37 90 76657
-2655 92 40 90 75395
-3200 98 44 100 95061
-3500 100 46 100 93971
-4300 108 52 115 122751
-4550 110 54 115 121778
-4680 111 55 115 121273
-4875 113 57 115 120520
-5100 115 58 115 119655
-5470 118 61 120 128295
-5765 121 63 115 117124
-5825 122 63 115 116898
-6180 125 65 115 115565
-6520 128 68 120 124292
-6870 131 70 115 113007
-8768 149 83
Watkins 8
Depth Temp.°F Temp. °C SSP Salinity
(ft) (uncorr.) (corrected) (mv) (ppm)
-2300 92 39 100 96540
-2860 98 43 110 115778
-3200 101 46 110 114277
-3575 105 49 120 133211
-4310 113 55 130 148946
-4715 117 58 120 128181
-5090 121 61 120 126552
-5360 124 64 120 125387
-5485 125 64 120 124850
-5605 126 65 120 124336
-5800 128 66 120 123503
-6270 133 70 120 121513
-6640 137 73 120 119961
-7000 141 77 120 118465
-9572 162 90
Watkins 9
Depth Temp.°F Temp. °C SSP Salinity
(ft) (uncorr.) (corrected) (mv) (ppm)
-2310 90 37 75 59469
-3170 98 44 110 131021
-3600 102 48 115 139311
-4400 110 54 117 140127
-4630 112 55 117 139262
-4980 115 58 120 143600
-5550 120 62 120 141489
-6045 125 65 120 139668
-6870 133 71 117 130999
-9375 160 89
McDonald D. Kaough 1
Depth Temp.°F Temp. °C SSP Salinity
(ft) (uncorr.) (corrected) (mv) (ppm)
-450 74 24 50 22385
-1145 84 31 65 40406
-1480 89 35 80 57475
-2290 101 44 80 54141
-2930 110 51 95 81508
-4041 126 62
Pan Am Gulf Landl76
Depth Temp.°F Temp. °C SSP Salinity
(ft) (uncorr.) (corrected) (mv) (ppm)
-2120 97 41 60 126177
-2220 99 42 65 136007
-3630 118 57 65 131542
-3920 122 60 65 130652
-4702 133 67
Pan Am Gulf Land 128
Depth Temp.°F Temp. °C SSP Salinity
(ft) (uncorr.) (corrected) (mv) (ppm)
-1265 86 32 40 32494
-2130 98 41 75 86642
-2370 101 44 67 68859
-2490 103 45 75 85182
-4220 127 63 100 129292
-5139 138 71
Pan Am Vincent Heirs B-l
Depth Temp.°F Temp. °C SSP Salinity
(ft) (uncorr.) (corrected) (mv) (ppm)
-1500 89 35 30 102834
-2600 105 47 55 151252
-3350 116 54 50 140180
-4256 129 64
Pan Am Vincent Heirs B-2
Depth Temp.°F Temp. °C SSP Salinity
(ft) (uncorr.) (corrected) (mv) (ppm)
-1500 90 35 35 73203
-1760 94 38 40 83362
-2380 103 45 50 103366
-3080 113 52 50 101428
-3920 125 61 50 99190
-4131 128 63
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^  Sections with Water Analyses (Schmidt, 1973)
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Major Cation and Anion concentration data for West Hackberry brines from (Schimdt, 
1973)
Depth Formation Na Ca Mg
(ft) (mg) (mg) (mg)
-600 FWSS 131 41 17
-1400 FWSS 21700 1660 820
-1470 FWSS 23800 1840 664
-2558 MIO 53500 2900 610
-3189 AMPH 42400 2560 834
-3300 MIO 46000 2460 1060
-3500 44900 1540 658
-3696 MIO 43300 2620 966
-3696 MIO 47900 3140 724
-3800 MIO 47000 2210 358
-4336 46000 3320 830
-4384 45800 3080 830
-5500 42500 2070 693
-5867 MIO 60600 2340 846
-5867 61100 2370 809
-5900 46400 9010 870
-5917 MIO 58700 2530 809
-5917 MIO 58500 2440 834
-5959 44100 2460 781
-5991 MIO 39000 2300 773
-6000 AMPH 46100 2420 830
-6119 DISC 47700 2700 501
-6140 MIO 41000 2430 713
-6500 44900 2410 723
Depth K Cl HC03 S04 C03 TDS
(ft) (mg) (mg) (mg) (mg) (mg) (mg)
-600 142 205 11 48 595
-1400 38700 3 0 0 63100
-1470 41800 207 20 0 68400
-2558 88200 219 1560 0 147000
-3189 72300 92 38 0 118000
-3300 78400 61 80 0 128000
-3500 114 73900 19 0 0 121000
-3696 74100 61 62 0 121000
-3696 81400 213 135 0 133000
-3800 77300 195 17 0 127000
-4336 79100 293 10 0 130000
-4384 78400 305 9 0 128000
-5500 119 74600 15 0 0 120000
-5867 100000 134 85 0 164000
-5867 101000 110 44 0 165000
-5900 89900 177 51 0 146000
-5917 97200 134 116 0 159000
259
Depth K Cl HC03 S04 C03 TDS
(ft) (mg) (mg) (mg) (mg) (mg) (mg)
-5917 96800 134 41 0 159000
-5959 74500 159 8 0 122000
-5991 66500 98 0 109000
-6000 142 78000 129 0 0 128000
-6119 79100 232 759 0 131000
-6140 69500 128 0 114000
-6500 124 77700 154 13 0 126000
Depth Formation Na Ca Mg
(ft) (mg) (mg) (mg)
-6524 CAM"C" 44000 2720 756
-7245 78500 7790 1180
-8500 CAMMC" 57000 6620 1140
-8935 CAM"C" 58200 7670 1210
-8940 CAM"C" 52500 6870 1090
-9050 CAM"C" 58600 8000 1570
-9082 CAM"B" 52200 6310 978
-9210 CAM"A" 51900 5500 1020
-9234 CAM 51200 6470 422
-9285 CAM"B" 45000 4030 797
-9291 CAM"B" 49700 7610 1020
-9374 MARG”B" 52200 7420 1210
-9619 CAM"B" 52300 6250 1090
-9648 CAM'D" 42100 5050 1000
-9752 MARG"B" 51400 6460 1090
-9955 MARG’D" 58300 3370 1030
-9955 59800 3400 544
-11500 49100 5850 903
-11674 50000 5590 881
-12078 52600 5120 756
-12236 58100 5200 830
-12500 62800 5520 848
-11164 Wild 9280 216 47
-12028 Wild 8380 109 22
-12346 Hack 5660 57 13
-12396 Hack 17300 728 112
-12750 Hack 5640 68 15
-12670 Hack 6700 125 20
-12862 Hack 6400 158 23
Depth K Cl HC03 S04 C03 TDS
(ft) (mg) (mg) (mg) (mg) (mg) (mg)
-6524 74800 117 0 0 122000
-7245 280 137100 85 8 0 225000
-8500 335 105400 233 0 0 171000
-8935 107000 207 63 0 174000
-8940 96100 244 47 0 157000
-9050 109000 137 0 0 177000
-9082 94300 250 49 0 154000
Depth K Cl HC03 S04 C03 TDS
(ft) (mg) (mg) (mg) (mg) (mg) (mg)
-9210 92600 329 70 0 151000
-9234 91500 244 172 0 150000
-9285 78700 305 103 0 129000
-9291 92900 262 67 0 152000
-9374 96800 305 337 0 158000
-9619 94700 , 281 0 155000
-9648 76600, 183 81 0 125000
-9752 93700 244 29 0 153000
-9955 98200 293 805 0 162000
-9955 98900 512 848 0 164000
-11500 309 92100 286 37 0 149000
-11674 305 90500 312 41 0 148000
-12078 92200 234 66 0 151000
-12236 101000 210 110 0 165000
-12500 421 111500 243 550 0 182000
-11164 65 14500 1710 0 25800
-12028 58 12400 1810 0 22700
-12346 55 8200 1520 175 0 15700
-12396 208 29600 854 183 0 49000
-12750 81 8450 1430 232 0 16000
-12670 84 9850 1930 215 0 18900
-12862 89 9700 1710 170 0 18300
Appendix 13
Ionic strength of Pore Fluids at West Hackberry. calculated from data documented in Schmidt. 1973.
Ionic strength of pore fluids at West Hackberry were determined for fluid analysis reported in Schmidt, 
1973:
I = mjzi^
Depth Year Sample TDS(m) I
-600 42 0.01 0.01
-1400 64 1.08 1.17
-1470 45 1.17 1.26
-2558 43 2.52 2.64
-3189 48 2.02 2.14
-3300 42 2.19 2.32
-3500 2.07 2.15
-3696 42 2.07 2.2
-3696 43 2.28 2.41
-3800 43 2.17 2.25
-4336 67 2.22 2.35
-4384 67 2.19 2.33
-5500 2.05 2.14
-5867 37 2.81 2.92
-5867 37 2.82 2.94
-5900 36 2.5 2.8
-5917 37 2.72 2.84
-5917 37 2.72 2.83
-5959 67 2.09 2.2
-5991 37 1.87 1.97
-6000 69 2.19 2.29
-6119 40 2.24 2.35
-6140 37 1.95 2.05
-6500 37 2.16 2.26
-6524 65 2.09 2.21
-7245 3.85 4.15
-8500 2.93 3.17
-8935 48 2.98 3.26
-8940 48 2.69 2.93
-9050 65 3.03 3.34
-9082 48 2.64 2.86
-9210 48 2.58 2.8
-9234 44 2.57 2.77
-9285 48 2.21 2.36
-9291 48 2.6 2.86
-9374 45 2.7 2.98
-9619 51 2.65 2.88
-9648 48 2.14 2.33
-9752 45 2.62 2.85
-9955 42 2.77 2.92
-9955 42 2.81 2.93
-11500 2.55 2.75
-11674 2.53 2.74
-12078 66 2.58 2.77
-12236 66 2.82 3.02
-12500 3.11 3.31




Depth Year Sample TDS(m) I
-11164 68 0.44 0.44
-12028 68 0.39 0.38
-12346 69 0.27 0.26
-12396 69 0.84 0.85
-12750 69 0.27 0.26
-12670 66 0.32 0.31
-12670 69 0.31 0.31
-12862 67 0.31 0.31













Plots of m ĵor cation concentration of West Hackberry pore fluids vs depth
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Plots of cation concentration of pore fluids at West Hackberry vs Cloride concentration, 
plotted with respect to seawater evaporation curves.
Data from Schmidt. 1973 and McCaffrey et al.. 1987.
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□ Sea water evaporation
curve, data from McCaffrey et al., 1987
* Hackberry brine data from D.O.E. files 
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